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ABSTRACT 

Age  composition,  growth  rate,  and  year-class  strength  of  Yellowstone  Lake  cutthroat 
trout  from  collections  made  in  1948  and  from  1950  to  1959  are  analyzed  to  relate  total 
catch  to  changes  in  age  composition  and  growth  rate.  Catch  increased  from  200,015 
cutthroats  in  1950  to  393,467  in  1959.  An  increase  in  growth  rate  of  fish  fully  recruited 
to  the  fishery  and  a  decrease  in  percentages  of  fish  belonging  to  age  groups  VI  and  VII 
are  attributed  to  an  increase  in  fishing  pressure.  Mean  age  of  the  catch  varied  with  year- 
class  strength,  but  was  essentially  unaffected  by  changes  in  size  of  the  catch.  Mean 
length  of  the  catch  has  remained  high,  suggesting  that  production  is  more  efficient  now 
than  in  past  years.     Maximum  equilibrium  yield  may  be  near. 

If  the  catch  continues  to  increase  at  the  present  rate,  it  may  become  excessive  within 
the  next  few  years. 


iv 


FLUCTUATIONS  IN  AGE  COMPOSITION 

AND  GROWTH  RATE  OF  CUTTHROAT  TROUT 

IN  YELLOWSTONE  LAKE 

By  Ross  V.  Bulldey,  Fishery  Research  Biologist 

Rocky  Mountain  Sport  Fishery  Investigations 
Logan,  Utah. 

The  population  of  cutthroat  trout, 
Salmo  clarki  lewisi,  in  Yellowstone  Lake 
has  been  recognized  for  many  years  as 
one  of  the  last  remaining  large  popula- 
tions of  pure  cutthroat  trout.1  Most 
other  lake  populations  of  cutthroat  have 
been  contaminated  by  repeated  introduc- 
tion of  rainbow  trout  or  other  subspecies 
of  cutthroat.  Several  studies  have  been 
conducted  in  an  effort  to  protect  this 
important  recreational  resource  from  over- 
exploitation  and  depletion.  After  World 
War  II  the  National  Park  Service  recog- 
nized the  need  for  further  research  to 
determine  the  effect  of  the  expected 
increase  in  fishing  pressure  on  the  lake. 
At  its  request,  the  U.S.  Fish  and  Wildlife 
Service  commenced  a  new  study  of  the 
fishery  in  1950. 

Cope  (1958)  summarized  studies  made 
before  1958  at  Yellowstone  Lake.  Little 
information  on  the  age  composition  and 
growth  rates  of  the  population,  a  pre- 
requisite to  management,  was  presented 
in  these  studies  owing  to  difficulty  in 
aging  cutthroat  trout.  Brown  and  Bailey 
;  (1952)  found  that  the  age  group  I  cut- 
throat from  Yellowstone  Lake  can  be 
divided  into  three  groups:  (1)  those  that 
are  completely  scaled  before  their  first 
winter   of   life    and    show    annuli    on    all 


scales;  (2)  those  that  pass  the  first  winter 
partially  scaled  and  have  some  scales 
with  annuli  and  some  without;  (3)  those 
that  have  no  scales  during  their  first 
winter  and  thus  lack  the  initial  annulus 
on  all  scales.  Growth  studies  by  Madsen  2 
and  by  Willoughby  (1951)  did  not  con- 
sider this  complication,  and  man}'  of 
their  fish  were  older  than  the  assigned  age . 

Laakso  and  Cope  (1956)  continued  the 
study  of  scale  and  annulus  formation 
and  established  criteria  for  distinguishing 
cutthroat  scales  which  do  not  exhibit  the 
initial  annulus. 

This  paper  summarizes  data  collect ed 
in  1948  and  from  1950  to  1959  on  the 
cutthroat  trout  of  Yellowstone  Lake  and 
covers  (1)  growth  rates,  (2)  age  composi- 
tion of  fish  in  the  spawning  runs  and 
catch,  and  (3)  fluctuations  in  growth 
rate  and  age  composition  in  relation  to 
size  of  the  catch. 

I  am  indebted  to  Drs.  Ralph  Bile, 
Oliver  B.  Cope,  and  Norman  G.  Benson 
of  the  U.S.  Fish  and  Wildlife  Service  and 
Dr.  Kenneth  D.  Carlander  of  Iowa  State 
University  for  their  suggestions  on  analy- 
sis of  the  data.  Much  of  the  scale  reading 
was  done  by  Dr.  Martin  Laakso.  formerly 
an  employee  of  bhe  U.S.  Fish  and  Wildlife 
Service. 


1  Other  fish  in  Yellowstone  Lake  are  lonpnose  maker 
Catostomus  catostomus  (Forster);  srrallfln  rcdside  shiner,  Richard- 
sonius  balteatus  hydrophlox  (Cope);  lake  chub,  Hyhopsis  phniihra 
(Agassiz);  lonpnose  dace,  Rhinichthys  cataractae  (Valenciennes). 


■  Agi  end  growth  <>f  the  entthroeJ  tnoi  (SbIum  /' 
Yellowstone  Lake,  Wyoming, by  M.J.  Median.    (Tnpal 

report.  U.S.  Fish  and  Wildlife  Service.  LM0.     12  pp. 
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SCALE  COLLECTION  AND  READING 


Scale  collections  from  fish  in  five  Spawn- 
ing runs  of  Yellowstone  Lake  and  in  two 
segments  of  the  fishery  were  studied  for 
estimates  of  age  composition  and  growth 
rates.  Scale  samples  from  spawning  runs 
were  obtained  Prom  fish  captured  in  traps 
at  Arnica,  Pelican,  Clear,  Chipmunk,  and 
Grouse  Creeks  (fig.  1).  Scale  samples 
from  the  fishermen's  catches  were  collected 
from  Fishing  Bridge  and  West  Thumb 
docks.  Collections  from  the  fishery  were 
made  periodically  throughout  the  summer. 
Samples  of  the  catch  in  the  West  Thumb 
area  were  obtained  from  rowboat  and 
guideboat  fishermen  who  used  the  West 
Thumb  dock.  Fish  landed  at  this  dock 
were  caught  either  in  West  Thumb  or  in 


the  west  portion  of  Yellowstone  Lake 
down  to  and  occasionally  including  the 
South  Arm.  The  catch  from  the  Fishing 
Bridge  area  was  sampled  by  obtaining 
data  from  fish  landed  at  Fishing  Bridge 
dock.  Anglers  operating  from  this  dock 
fished  both  the  upper  300  yards  of  the 
Yellowstone  River  and  the  lake  proper. 
Guideboats  which  operated  from  Fishing 
Bridge  until  1953  occasionally  landed  fish 
from  the  south  arms  of  the  lake  as  well  as 
from  less  remote  areas. 

Scales  from  approximately  300  fish  per 
year  were  selected  from  each  sample  for 
reading.  Before  1959  each  5-millimeter 
length  group  was  represented  in  the  sub- 
sample  according  to  the  number  of  fish  in 


miles 

Figure  1. — Location  of  scale-ccllection  stations  at  Yellowstone  Lake. 


that  length  group.  Age  composition  of 
the  subsample  was  thus  representative  of 
the  total  sample.  In  1959  five  fish  were 
selected  from  each  length  group  regardless 
of  the  number  of  fish  in  the  group.  Age 
composition  of  the  total  sample  was  then 
determined  by  expanding  age  composition 
of  the  five  fish  from  each  length  group  to 
include  all  fish  in  that  group.  The  1959 
method  provided  essentially  the  same  de- 
gree of  accuracy  in  age  and  growth  esti- 
mates with  a  smaller  number  of  scale 
readings.  In  both  methods,  determina- 
tion of  age  composition  was  based  on  many 
more  fish  than  the  number  actually  aged; 
some  samples  contained  several  thousand 
fish.  Scale  samples  were  also  taken  from 
small  trout  collected  by  seines,  gill  nets, 
and  downstream  traps  to  obtain  data  for 
determining  the  body-scale  relation. 

Scales  were  collected  from  the  region 
between  the  dorsal  fin  and  the  lateral  line. 
After  cleaning,  the  scales  were  mounted  in 
glycerin-gelatin  or  sodium  silicate  for  view- 
ing. Examination  of  the  scales  was  made 
with  a  standard  scale-viewing  micropro- 
jector  at  a  magnification  of  115  diameters. 
All  scales  were  read  twice,  and  periodic 
checks  by  other  scale  readers  were  used  to 


reduce  error.  Fish  were  aged  according  to 
criteria  established  by  Laakso  and  Cope 
(1956)  for  the  identification  of  scales  which 
lack  the  first  annulus.  By  close  adherence 
to  these  criteria,  errors  in  identifying  re- 
tarded scales  were  kept  to  a  minimum. 
Some  subjectivity  was  necessary  in  scale 
interpretation  because  all  gradations  of  the 
criteria  were  found.  Approximately  3  per- 
cent of  the  fish  in  each  sample  were  dis- 
carded because  their  scales  were  of  ques- 
tionable age.  The  discarded  fish  were  from 
all  size  groups,  so  estimates  of  age  distri- 
bution were  not  affected. 

The  terms  "  normal"  scales  and  "  re- 
tarded" scales  are  extended  in  this  paper 
to  include  fish  having  those  types  of  scales. 
A  fish  which  formed  an  annulus  during  its 
first  year  is  termed  a  normal  fish,  while  a 
fish  which  did  not  form  an  annulus  until 
its  second  year  is  referred  to  as  a  retarded 
fish  (Laakso,  1955).  Normal  fish  are  the 
large  yearlings  and  retarded  fish  are  the 
small  yearlings  of  a  year  class. 

Back  calculations  of  length  were  deter- 
mined from  mean  scale  measurements  of 
each  age  group  with  the  aid  of  a  nomo- 
graph constructed  from  a  plotted  body- 
scale  relation  (appendix  A) . 


GROWTH  CALCULATIONS 


Calculated  lengths 


Length  calculations  of  Yellowstone  Lake 
cutthroat  were  complicated  by  Lee's  phe- 
nomenon (appendix  B)  and  the  presence  of 
retarded  scales  in  the  samples.  Lee's  phe- 
nomenon is  the  decrease  in  calculated 
lengths  as  the  age  of  the  fish  whose  scale  is 
used  increases — the  older  the  fish,  the  lower 
the  calculated  lengths.  A  correction  was 
necessary  to  reduce  the  effect  of  this  phe- 
nomenon (appendix  C).  Comparisons  of 
growth  rates  among  areas  and  among 
years  were  essentially  unaffected  by  Lee's 
phenomenon,  and  no  corrections  were 
made  for  these  comparisons.    Varying  per- 


centages of  retarded  scales  in  the  samples 
made  detection  of  slight  changes  in  growth 
rate  difficult.  The  problem  was  most  pro- 
nounced in  comparing  growth  increments 
among  areas  because  percentages  of  re- 
tarded scales  in  samples  from  each  section 
of  the  lake  differed.  Comparisons  among 
years  were  most  accurate  from  samples  col- 
lected in  a  single  area.  Retarded  scales 
ceased  to  be  a  problem  in  growth  compari- 
sons by  the  end  of  the  fifth  year  of  life,  as 
growth  compensation  is  completed  at  that 
age  (appendix  D).  Since  growth  rates  of 
males  and  females  were  not  significantly 
different,  sexes  were  combined  for  all  com- 
parisons. 


Differences  in  growth  among  areas 

Cope  (1953)  demonstrated  distinct  dif- 
ferences in  mean  size  of  fish  from  various 
areas    of    Yellowstone    Lake    (table    1). 
Fish  from  Chipmunk  and  Grouse  Creek 
spa  wing    runs    were    consistently    larger 
than  fish  from  the  other  runs  examined. 
He    suggested    that    the    size    difference 
was  due  to  a  difference  in  growth  rate 
or  in  age  composition.     Mean  increments 
of  length  of  fish  from  different  areas  of 
the    lake    were    compared    to    determine 
whether  rate  of  growth  actually  varied 
in  different  segments  of  the  population 
(table    2).     Increments    from    the    com- 
bined collections  of  1953  to  1955  were  used 
in  the  comparison.     Fish  from  Chipmunk 
and  Grouse  Creeks  appear  to  grow  slightly 
faster  than  fish  from  the  other  streams 
when  total  increments  are  compared,  but 
this   difference   is   due   to    different   per- 
centages of  normal  fish  in  the  samples 
(appendix  C).      Analysis  of  variance  in 
growth  rate  revealed  that  the  differences  in 
growth  rate  among  areas  were  negligible. 
An  F  value  of  0.375  was  not  significant 
at  the  0.05-percent  confidence  level.     Fish 
of  age  groups  IV  to  VI  grew  at  about 
the   same   rate   in    all   areas   during   the 
period,    even   though    discrete    spawning 
groups  in  the  lake  have  been  recognized 
(Cope,  1957b). 


Difference  in  growth  among  years 

Comparisons  of  growth  rates  in  different 
calendar  years  were  made  to  determine 
whether  a  trend  could  be  detected. 
Collections  from  1948  to  1959  at  West 
Thumb  and  Fishing  Bridge  docks  were 
used  in  the  comparisons.  These  two 
segments  of  the  fishery  sampled  fish  from 
many  of  the  major  spawning  runs  in  the 
lake.  Increments  of  length  added  from 
1943  to  1958  are  presented  in  tables  3  and 
4. 

Differences  between  calendar  years  were 
analyzed  by  the  method  described  by 
Hile  (1936)  using  percentage  deviation 
from  the  mean  increment  of  growth. 
A  slight  variation  was  made  in  Hile's 
method  owing  to  the  wide  range  in  number 
of  fish  in  different  age  groups.  The 
number  of  fish  in  age  groups  II  and  VI 
was  relatively  small  in  all  samples.  A 
few  fish  in  these  age  groups  exerted  as 
much  influence  on  the  yearly  mean  as 
several  hundred  fish  in  age  groups  IV 
and  V.  In  order  to  include  age  groups  II 
and  VI  in  the  calculations,  the  mean  per- 
centage deviation  for  a  calendar  year  was 
obtained  by  weighting  each  percentage 
deviation  by  number  of  fish  in  the  age 
group  it  represented.  A  more  accurate 
estimate  of  relative  growth  was  obtained 
in  this  way. 


Table  1. — Mean  total  lengths,  at  capture,  of  cutthroat  trout  from  Yellowstone  Lake  spawning  runs  and 

fishery,  1949-59 

[In  millimeters;  data  before  1952  from  Cope  (1953)] 


Year 


Lengths  in  spawing  runs 


Arnica 


Pelican 


Clear 


Chip- 
munk 


Grouse 


Lengths  in  fishery 


Fishing 
Bridge 


West 
Thumb 


1949. 
1950. 
1951. 
1952. 
1953. 
1954. 
1955. 
1956. 
1957. 
1958. 
1959. 


367.6 
362.8 
353.5 
352.9 
346.5 
355.4 
354.2 
369.7 
389.5 
368.7 


i  344.  7 
364.3 
363. 1 
355.9 
358.3 
364.5 
362.2 
363.7 
378.8 
362.7 
379.9 


368.6 
372.9 
366.0 


375. 
378. 
385. 
373. 


391 


378.9 
374.7 
376.6 
388.0 
392.9 


385.6 
390.8 
391.3 


392 

3S7, 


386.4 
382.0 


358. 

349. 

338. 

350. 

339. 
1347. 

352. 

353. 
•357. 

355. 


338.2 
337.8 
323.6 
331.8 
332.0 

I  339. 0 
344.0 
353.3 

1358.0 
353.2 


1  Biased  estimate. 


Table  2. — Mean  length  increments  of  cutthroat  from  five  spawning  streams  of  Yellowstone  Lake,  combined 

collections  of  1953  to  1955 

[In  millimeters;  number  of  fish  in  parentheses] 


Age  group  and  year  of  life 

Mean  increments  of  length  by  stream 

Arnica 

Pelican 

Clear 

Chip- 
munk 

Grouse 

Age  group  VI: 

Year  6         

52 
01 
79 
108 
34 
44 
(13) 

79 
79 

104 
40 
44 

(243) 

94 
101 
67 
45 

(386) 

49 
87 
90 

100 
43 
44 

(33) 

83 
84 
96 
50 
43 
(315) 

89 
106 
60 
44 
(574) 

51 
134 
40 
86 
59 
45 
(21) 

75 
80 
80 
75 
44 
(140) 

101 
80 
99 
45 

(301) 

52 
82 
85 
94 
58 
43 
(90) 

77 
86 
91 
71 
45 
(236) 

109 

74 
107 

46 
(321) 

46 
76 

Year  5 

Year  4 - 

90 

Year  3 

91 

Year  2 

61 

Year  1 

46 

Age  group  V: 

Year  5 

(22) 
66 

Year  4 

96 

Year  3 

85 

Year  2 

83 

Year  1- 

48 

Age  group  IV: 

Year  4 

(135) 
118 

Year  3 

87 

Year  2 

90 

Year  1 

48 

(178) 

Table  3. — Annual  increments  of  growth  in  length  of  fish  landed  at  West  Thumb  dock,  1948-59 

lln  millimeters.  Each  diagonal  row  gives  the  growth  history  of  an  age  group,  belonging  to  the  year  class  indicated  by  the  year  of 
first-year  growth  and  captured  in  the  calendar  year  following  the  one  for  which  the  last  increment  is  given.  Sample  size  of  each 
age  group  in  parentheses  immediately  below  the  first-year  increment] 


Age  group  and  year  of  life 

Growth  increment  in  calendar  year— 

1943 

1944 

1945 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

Age  group  VI: 

Year  6.. 

51 
95 
75 
79 
22 
43 
(9) 

70 
82 
86 
45 
43 
(88) 

87 
98 
65 
46 

(155) 

86 

88 

51 

(166) 

122 

55 
88 
70 
95 
36 

76 
75 
90 
27 
43 
(70) 

84 
96 
66 
45 
(200) 

101 

97 

49 

(107) 

""56" 
(14) 

52 
95 
70 

84 

""43" 

(6) 

76 
72 

103 
45 
46 

(65) 

82 
103 
59 
44 
(145) 

104 
97 

48 
(130) 

113 
56 

(7) 

44 
90 
61 

"""47" 
44 
(4) 

80 
73 
94 
60 
43 
(105) 

90 
101 
63 
49 
(135) 

82 

83 

46 

(118) 

127 
50 
(28) 

50 

78 

""98" 
56 

62 

""97" 

88 

"""76" 

55 

52 
102 

55 

Years 

98 
72 
115 
45 
43 
(9) 

""87" 
91 
51 
43 
(70) 

""99" 
63 

47 
(189) 

Year  4-. 

62 
84 
26 
44 
(17) 

85 

"""98" 

49 

44 

(111) 

85 

""el" 

45 

(149) 

Year  3-. 

88 
26 
47 
(18) 

Year  2 

37 
43 
(8) 

Year  1 

43 

(17) 

Age  group  V: 

Year  5 

85 
76 
90 
47 
44 
(85) 

88 
95 
85 
43 

(137) 

93 
90 
53 

(89) 

128 
49 
(25) 

81 
82 
96 
52 
45 
(16) 

96 
82 
75 
44 
(120) 

93 
108 

44 
(39) 

107 

72 
84 
99 
53 

85 
90 
114 

83 
98 

82 

Year  4 

70 

""48" 
44 
(78) 

Year  3-. 

102 

""si" 

(129) 

Year  2 

51 

Year  1. 

42 
(10) 

Age  group  IV: 

Year  4 

89 
99 
65 
44 
(56) 

97 
97 
44 
(23) 

91 
104 
89 

104 
81 

106 

Year  3... 

113 

"""46" 
(105) 

Year  2 

56 

Yearl 

43 
(40) 

Age  group  III: 

Year  3.... 

87 
104 

46 
(28) 

85 
102 

85 

Year  2 

89 
49 

(124) 

Year  1 

45 
(145) 

Age  group  II: 

Year  2 

140 

Yearl 

60 

(27) 

48 
(4) 

595879  0-^6il- 


Table  4. — Annual  increments  of  growth  in  length  offish  landed  at  Fishing  Bridge  dock,  1948-59 

[In  millimeters.  Each  diagonal  row  gives  the  growth  history  of  an  age  group,  belonging  to  the  year  class  indicated  by  the  year  of 
first- year  growth  and  captured  in  the  calendar  year  following  the  one  for  which  the  last  increment  is  given.  Sample  size  of  each 
age  group  in  parentheses  immediately  below  the  first-year  increment] 


Age  group  and  year  of  life 

Growth  increment  in  calendar  year— 

1943 

1944 

1945 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

Age  group  VI: 

Year  6      

64 
79 
68 
96 

""44" 
(26) 

74 
68 
94 
50 
44 
(90) 

69 
97 
72 
45 
(110) 

91 

48 

47 

(145) 

88 

52 
80 

77 

""38" 

82 
78 
95 
56 
45 
(123) 

80 
92 
76 
45 
(69) 

120 

96 
44 
(76) 

"~"56~ 
(14) 

57 
88 

""93" 

""43" 

(7) 

75 
74 
80 
57 
44 
(80) 

88 
112 
60 
46 
(80) 

81 
108 

44 
(43) 

101 
47 
(21) 

44 

""73" 

""22" 
44 
(12) 

80 
93 
94 
58 
43 
(110) 

69 

101 

57 

44 

(103) 

96 
99 
44 
(60) 

80 
49 

(17) 

""86" 

""112" 
45 

52 

""92" 
93 

""97" 

77 

65 
93 

46 

Year  5 

82 
75 
83 

54 

"'"84" 

102 

40 

44 

(126) 

"""87" 

47 

45 

(184) 

"""86" 
44 
(48) 

Year  4 

65 
84 
48 
43 
(22) 

93 

""92" 

37 

45 

(110) 

73 

"~60~ 

43 

(121) 

120 

47 
(38) 

Year  3 

94 
36 
43 
(16) 

Year  2 

44 
43 

(48) 

Year  1 

44 
(29) 

Age  group  V: 

Year  5   

75 
77 
91 
50 
44 
(113) 

85 
109 
83 
44 
(191) 

89 
91 
49 
(44) 

159 
49 

(9) 

79 
78 
99 
55 
46 
(20) 

86 
87 
76 
45 
(136) 

95 
117 

44 
(44) 

150 
50 
(2) 

77 
84 
92 
61 

76 
99 
106 

68 
104 

81 

Year  4   - 

45 

""54" 
43 

(129) 

Year  3  

78 

""46" 
(108) 

Year  2 

63 

Year  1 

44 

(4) 

Age  group  IV: 

Year  4  - 

87 
99 
74 
44 
(39) 

86 
87 
44 
(29) 

104 

47 
(5) 

94 
96 
64 

96 
100 

82 

Year  3  

83 

"""45" 
(110) 

Year  2 

80 

Year  1 

45 
(33) 

Age  group  III: 

Year  3..-- 

94 
90 
44 
(24) 

140 

86 
81 

98 

Year  2. 

Year  1 

50 

(11) 

Age  group  II: 

Year2 

""52" 
(15) 

113 

Yearl  

46 
(3) 

Percentage  deviations  were  calculated 
for  the  period  1946  to  1958  (table  5). 
Although  the  data  included  samples  from 
1943  to  1958,  the  extreme  years  were  rep- 
resented by  only  a  few  fish.  The  data 
for  1957  and  1958  were  included  because 
of  their  importance,  but  the  actual  per- 
centage values  for  these  two  years  are  not 
as  accurate  as  those  for  the  earlier  years. 
Data  from  1943  to  1945  were  not  included. 

Calendar  years  1947  through  1953  ap- 
pear to  be  the  poorest  growth  years,  and 
1954  and  1956  to  1958  the  best  growth 
years,  for  fish  in  the  West  Thumb  area. 
Samples  from  Fishing  Bridge  also  indicate 
that  the  growth  rate  before  1950  was 
slower  than  in  later  years.  Fishing  Bridge 
showed  rapid  growth  from  1953  to  1957. 
Samples  from  both  areas  agreed  that  years 
before  1950  and  1952  were  poor  growth 
years  and  that  1954,  1956,  1957,  and  1958 
were  good  growth  years.  The  cyclic 
nature  of  the  fluctuations  and  the  trend 
toward  a  more  rapid  growth  rate  are 
notable.     Analysis  of  growth  rate  by  age 


group  revealed  that  this  increased  growth 
rate  occurred  among  fish  of  age  groups  IV, 
V,  and  VI  only.  Rate  of  growth  of  age 
groups  II  and.  Ill  fish  fluctuated  inde- 
pendently of  the  older  age  groups,  and 
no  upward  trend  was  obvious  (fig.  2). 
Growth  of  younger  fish  is  apparently 
controlled  by  other  factors  than  those 
influencing  fish  4  years  of  age  and  older. 
Growth  comparisons  among  year  classes 
also  suggest  that  the  growth  rate  increased 
after  1953  (table  6).  Collections  of  Arnica 
Creek  spawners  from  1951  to  1959  were 
analyzed  for  variations  in  growth  rate 
among  year  classes.  Year  class  1949  was 
the  slowest  growing  of  all  year  classes 
produced  from  1945  to  1956.  Year  classes 
1945,  1946,  1947,  1950,  1952,  1953,  and 
1954  showed  only  minor  deviations  in 
mean  growth  rate  for  the  period.  Year 
classes  1955  and  1956  showed  a  decided 
increase  in  growth  rate  although  those 
year  classes  were  based  on  a  single  age 
group. 


1947      1948       1949      1950      1951       1952      1953       1954       1955      1956      1957      1958 


Figure  2. — Percentage  deviation  in  growth  rate  by  age  group  of  fish  from  combined  West  Thumb  and 

Fishing  Bridge  collections. 


Table  5  — Mean  percentage  deviation  of  growth  in  length  of  cutthroat  from  Fishing  Bridge  and   West 

Thumb  fisheries,  1946-58 

from  1948  and  1960  to  1959.    Each  percentage  deviation  is  weighted  according  to  sample  size  given  in  tables  3  and  4  to 
.  car  for  each  area.    Mean  is  the  unweighted  mean  of  West  Thumb  and  Fishing  Bridge  percentages] 


Area 

Mean  percentage  deviation  from  average  growth  in  calendar  year— 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

Fishing  Bridge  dock 
West  Thumb  dock 

-0.93 
1.30 

-8.06 
-3.07 

-5.25 
0.97 

-1.59 
-3.31 

2.55 
-3.60 

0.41 
-1.53 

-0.97 
-1.66 

2.76 
-0.71 

4.68 
1.37 

3.73 
-0.55 

3.10 
6.73 

2.33 

4.14 

1.72 
6.92 

Mean 

0.12 

-6.37 

-2.78 

-2.50 

-1.04 

-0.61 

-1.32 

1.25 

2.63 

1.39 

4.80 

3.21 

4.08 

Table  6. — Growth  comparison  among  year  classes  of  Arnica  Creek  spawners,  1945-56 
[In  millimeters.    Number  of  fish  in  parentheses.    Mean  percentage  deviation  is  the  unweighted  mean  for  the  year  class] 


Age  group  and  year  of  life 

Increments  of  growth  by  year  class  of— 

1945 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

Age  group  VI: 

Year  6 

49 
86 
87 

103 
47 
43 

(31) 

44 
98 
66 
91 
77 
43 
(5) 

82 
88 
95 
50 
43 
(96) 

58 
83 
80 
101 

40 
95 
93 
92 
56 
44 
(7) 

94 
66 
94 
42 
43 
(52) 

96 

101 

69 

46 

(190) 

84 
97 
47 
(23) 

53 
83 

64 
100 
46 
49 

(8) 

80 
93 
101 
45 
44 
(78) 

89 
91 
75 
47 
(91) 

109 

99 
49 
(26) 

Year  5    .  . 

Year  4 

Year  3 

Year  2 

Year  1 

76 
97 
100 
51 
44 
(100) 

89 

104 

70 

43 

(135) 

(7) 

78 
85 
92 
49 
44 
(60) 

94 
101 
71 
43 
(152) 

114 

97 
45 
(34) 

Age  group  V: 

Year  5. 

79 
73 
98 
49 
44 
(94) 

93 

103 

65 

44 

(122) 

95 
100 

45 
(51) 

81 
84 
95 
48 
44 
(89) 

87 
107 
64 
45 

(74) 

94 
97 
49 
(23) 

74 
96 
127 
25 
43 
(53) 

100 
99 

77 
45 
(77) 

99 
83 

47 
(16) 

88 
100 
94 
49 
44 
(35) 

95 
92 
85 
46 
(29) 

71 
106 

45 
(10) 

Year  4 ._ 

Year  3 

Year  2.. 

Yearl 

Age  group  IV: 

Year  4 .. 

110 
89 
83 
45 

(63) 

Year  3 

Year  2 

Yearl 

Age  group  III: 

Year  3 

96 

Year  2. 

116 

Yearl 

51 

(10) 

Mean  percentage  de- 
viation  

-1.08 

1.55 

1.07 

1.71 

-2.22 

-1.13 

-2.07 

-0.24 

-1.59 

1.28 

5.00 

8.47 

AGE  COMPOSITION 


Sex  diffe 


rences 


Several  authors  have  reported  an  un- 
even sex  ratio  among  adult  cutthroat 
trout.  Ball  and  Cope  (1961)  reported  a 
preponderance  of  females  in  the  spawning 
runs  of  Yellowstone  Lake  and  quoted  a 
male-to-female  sex  ratio  from  combined 
data  of  1:1.47.  The  ratio  was  1  male  to 
1.62  females  in  the  fishery.  They  found 
no  explanation  for  this  uneven  sex  ratio, 
but  concluded  that  it  was  not  due  to  an 
uneven  harvest  of  males. 


Bjornn  (1957)  found  a  similar  prepon- 
derance of  females  in  the  spawning  runs 
and  sport  catch  of  Priest  and  Upper  Priest 
Lakes.  He  stated  that  the  males,  which 
matured  at  a  smaller  size,  may  have  passed 
through  the  weir  of  the  traps  and  thus 
may  not  have  been  included  in  the  count 
of  spawners.  He  did  not  explain  the 
unbalanced  sex  ratio  in  the  catch. 

Samples  from  the  Arnica  Creek  spawn- 
ing run  and  the  West  Thumb  fishery  were 
examined  to  determine  the  sex  ratio  in 
each    age   group    (fig.    3).     Females   were 


W  Y 

AGE    GROUP 

Figure  3. — Percentage  of  males  in  each  age  group  of  Arnica  Creek  spawners  (solid  line)    collected 
from  1951  to  1957  and  of  West  Thumb  catch  (broken  line)  collected  from  1950  to  1956. 


more  abundant  in  the  Arnica  Creek  spawn- 
ing runs  of  1951  to  1957  up  to  age  V;  at 
age  VI  and  VII  the  males  were  predomi- 
nant. In  the  West  Thumb  catch  from 
1950  to  1956,  males  were  less  abundant 
than  females  up  to  age  VI,  and  more 
abundant  at  age  VII.  Comparison,  by 
age  group  and  sex,  of  272  fish  captured  in 
gill  nets  from  all  areas  of  the  lake  during 
1958  showed  the  following  percentages  of 
males  in  each  age  group:  Age  II,  35.5; 
age  III,  37.9;  age  IV,  39.  5;  age  V,  51.  4; 
and  age  VI,  50.0  (2  fish).  The  sex  ratio 
of  the  gill-net  sample  was  not  as  un- 
balanced as  that  in  the  spawning  runs  and 
the  catch,  but  it  also  indicated  that  there 
may  be  a  differential  mortality  between 
sexes.  Van  Oosten  (1929)  found  a  similar 
situation  for  lake  herring — females  more 
numerous  than  males  in  age  groups  I  and 
II,  males  more  numerous  in  the  older  age 


groups.  He  suggested  that  one  explana- 
tion could  be  that  females  mature  sooner 
than  males  and  hence  are  more  abundant 
in  the  younger  age  groups  as  spawners. 
Difference  in  age  at  maturity  of  cutthroat 
should  not  affect  the  sex  ratios  obtained 
from  gill-net  samples  or  from  the  fishery 
samples,  as  males  and  females  in  each  age 
group  were  the  same  size.  The  reason 
for  the  uneven  sex  ratio  is  not  known, 
but  the  condition  appears  to  be  charac- 
teristic of  several  cutthroat  populations. 

Composition  of  spawning  runs 

Fish  in  Yellowstone  Lake  spawning 
runs  vary  in  age  from  3  to  7  years.  Only 
the  fastest-growing  fish  become  sexually 
mature  at  age  III,  and  data  presented 
later  suggest  that  recruitment  to  the  runs 
is  not  complete  until  age  V.  From  77  to 
98  percent  of  the  spawning  runs  examined 


from  1951  to  1959  were  composed  of  fish 
of  age  groups  IV  and  V,  with  age  group 
IV  usually  most  abundant.  Age  group 
VII  fish  were  rare  in  all  samples. 

Considerable  differences  in  age  com- 
position were  noticeable  in  spawning  runs 
throughout  the  lake.  Cope  (1953)  com- 
mented on  the  greater  mean  length  of 
spawners  from  Chipmunk  and  Grouse 
Creeks  as  compared  with  those  in  the 
northern  streams.  The  present  study 
determined  that  some  of  the  difference  in 
mean  length  was  due  to  a  larger  propor- 
tion of  normal  fish  in  the  older  age  groups, 
but  a  difference  in  age  composition,  as 
suggested,  was  the  main  source  of  the 
variation.  Examination  of  the  collections 
from  1953  to  1955  revealed  that  Grouse 
and  Chipmunk  Creeks  had  the  oldest 
populations  of  spawners  (fig.  4).  Little 
difference  was  apparent  in  age  composition 
of  spawners  from  Arnica,  Pelican,  and 
Clear  Creeks.  Difference  in  the  age  com- 
position can  be  more  readily  seen  by 
comparing  the  percentage  of  old  fish  in  the 
samples  for  the  3-year  period.     Percent- 


ages of  the  samples  composed  of  fish  be- 
longing to  age  group  V  and  older  for  the 
five  streams  were  as  follows:  Arnica,  35.9; 
Pelican,  36.7;  Clear,  34.5;  Grouse,  46.1; 
and  Chipmunk,  50.9.  Both  the  mean  total 
lengths  and  the  mean  age  of  Chipmunk 
Creek  spawners  were  higher  than  for 
spawners  from  other  streams. 

Dominant  year  classes  were  difficult  to 
detect  from  the  age  composition  of  the 
spawning  runs,  owing  to  the  narrow  range 
in  age  of  spawners.  Hence,  any  year  class 
that  contributed  strongly  in  two  or  more 
years  was  considered  a  strong  year  class. 
The  1949  year  class  provided  the  majority 
of  spawners  for  both  1953  and  1954  in 
Arnica,  Pelican,  and  Grouse  Creeks  (table 
7).  In  the  Clear  Creek  samples  the  1951 
year  class  provided  75.9  percent  of  the 
1955  spawning  run  in  that  stream,  but  no 
other  year  class  appeared  dominant.  The 
1947  year  class  of  Chipmunk  Creek  pro- 
vided above-average  percentages  of  fish 
in  the  1952,  1953,  and  1954  runs. 

Completeness  of  the  data  from  Arnica 
Creek   on   age   composition   and   size   of 


Table  7. — Percentage  offish  in  different  age  groups  in  five  spawning 

runs  of  Yellowstone  Lake,  1951-59 

Area  and  year 

Number 

of  fish  in 

run 

Number 
offish 
aged 

Percentage  in  age  group- 

Ill 

IV 

V 

VI 

VII 

Pelican  Creek: 

1953 

12, 418 
10, 340 
12, 400 
7,000 

10,323 
3,161 
7,929 

9,989 
7,836 
5,371 
3,880 

6,949 
7,441 
3,756 
(2) 

4,755 
3,522 
4,524 
6,200 
4,700 
3,912 
3,812 
4,041 
1,765 

156 
270 
563 
325 

145 
192 
133 

94 
168 
227 
267 

212 
180 
71 
91 

298 
308 
207 
197 
309 
163 
339 
91 
110 

8.6 
3.4 
6.5 
5.5 

0.0 
0.0 
5.3 

0.0 
0.0 
0.4 
1.2 

0.0 
4.4 
0.0 
0.0 

11.4 
16.6 
11.1 
11.5 
8.4 
9.8 
2.9 
1.9 
4.3 

58.3 
55.0 
58.2 
59.7 

60.7 
58.3 
75.9 

56.4 
40.5 
40.5 
60.2 

55.2 
63.4 
24.4 
50.6 

45.3 
49.3 
58.9 
37.5 
61.5 
55.8 
41.0 
30.7 
62.6 

29.6 
37.0 
32.4 
32.4 

35.2 
33.3 
18.8 

39.4 
38.1 
39.2 
31.1 

43.4 
28.9 
59.4 
42.8 

32.2 
32.5 
29.0 
47.5 
28.8 
31.9 
53.7 
59.9 
32.2 

2.3 
4.4 
2.5 
2.2 

4.1 
7.8 
0.0 

4.2 
20.8 
15.9 

7.1 

1.4 
3.3 
13.5 
6.6 

10.4 
1.6 
1.0 
3.5 
1.3 
2.5 
2.4 
6.5 
0.9 

1.2 

1954 

0.2 

1955 

0.4 

1956  1 _ 

0.2 

Clear  Creek: 

1953 

0.0 

1954 

0.6 

1955 

0.0 

Chipmunk  Creek: 

1952 

0.0 

1953 

0.6 

1954 

4.0 

1955 

0.4 

Grouse  Creek: 

1952 

0.0 

1953 

0.0 

1954.. 

2.7 

1955 

0.0 

Arnica  Creek: 

1951 

0.7 

1952 

0.0 

1953 

0.0 

1954 

0.0 

1955 

0.0 

1956 

0.0 

1957 

0.0 

1958 

1.0 

1959 

0.0 

1  Poor  sample,  owing  to  high  water. 
i  Count  not  made. 
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GROUSE 


GROUP 


Figure  4. — Age  composition  of  five  Yellowstone  Lake  spawning  runs  from  combined  collections  of 
1953  to  1955.     Number  of  fish  in  parentheses. 


spawning  runs  provided  a  more  accurate 
method  than  age  composition  alone  for 
determining  year-class  strength  for  that 
population  (table  8).  Annual  counts  of 
the  spawning  runs  from  1951  to  1959  in 
Arnica  Creek  were  combined  with  age 
composition  to  determine  relative  contri- 
bution   of    each    year    class.     Horizontal 


summation  of  fish  numbers  in  the  table 
provides  an  accurate  estimate  of  year- 
class  strength,  even  though  the  number 
of  repeat  spawners  is  unknown  and  some 
fish  were  undoubtedly  counted  several 
times.  By  this  method  the  1949  year 
class  was  the  largest  during  the  period; 
it  contributed  6,256  spawners  to  the  Arnica 
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Table   8. — Contribution  of  different  year  classes  to  Arnica  Creek  spawning  runs,   19^-56 

[Data  from  1951  to  1959  collections] 


Year  class 

Number  of  fish  at  age— 

Total 
contri- 
bution 

Year  class 

Number  of  fish  at  age- 

Total 
contri- 

III 

IV 

V 

VI 

VII 

Ill 

IV 

V 

VI 

VII 

bution 

1944      

33 

1951 

713 
395 
383 
111 

77 
75 

2,890 
2,183 
1,563 
1,241 
1,099 

1,248 

2,047 

2,420 

565 

91 

263 

16 

40 

4,982 

1945 

495 
56 
45 

217 
61 
98 

1952 

4,888 

1946 

1,531 
1,145 
1,312 
2,945 
1,354 

1953 

4,382 

1947 

2,154 
1,736 
2,665 
2,325 

1954 

1948 

542 
585 
502 

3,807 
6,256 
4,279 

1955 

1949 

1956 

1950 

Creek  runs.  Year  classes  1949,  1951,  and 
1952  were  strong  in  Arnica  Creek;  year 
classes  1948  and  1954  were  weak. 

Further  comment  should  be  made  on  the 
age  composition  of  the  spawning  runs. 
Ball  and  Cope  (1961)  reported  the  results 
of  tagging  studies  conducted  at  Yellow- 
stone Lake  from  1949  to  1953.  They  con- 
cluded that  an  average  of  only  1.22  percent 
of  the  spawning  runs  was  composed  of  fish 
that  had  spawned  before,  and  that  the 
figure  was  always  less  than  10  percent. 
Cutthroat  were  reported  to  mature  at  age 
III  or  IV.  In  this  paper  the  relatively 
large  percentage  of  fish  older  than  age  IV 
in  the  spawning  runs  appears  to  disagree 
with  the  tagging  data.  For  example,  in 
Arnica  Creek  spawning  runs  from  1951  to 
1959,  the  mean  percentage  of  age  V  fish  in 
the  samples  was  38.4  percent.  An  average 
of  3.6  percent  was  age  group  VI  fish,  which 
by  itself  is  three  times  as  large  as  the  re- 
ported average  percent  of  repeat  spawners 
of  all  ages. 

Two  possible  explanations  for  the  appar- 
ent discrepancy  are  suggested.  Most  cut- 
throat trout  mature  at  age  IV  in  Yellow- 
stone Lake,  but  some  may  not  mature  until 
age  V.  Delayed  maturing  of  cutthroat  has 
been  reported  from  other  areas.  Bjornn 
(1957)  found  that  the  majority  of  cut- 
throat in  Priest  and  Upper  Priest  Lakes, 
Idaho,  reach  maturity  at  age  V;  some  were 
age  VI  before  they  spawned.  He  indicated 
that  fish  which  matured  at  these  late  ages 
spent  several  years  of  slow  growth  as  fin- 
gerlings  in  the  spawning  streams  before  de- 
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seen  ding  to  the  lake.  Few  fingerlings 
spend  more  than  1  year  in  Yellowstone 
spawning  streams  before  descending  to  the 
lake,  so  one  would  not  expect  many  fish  to 
need  5  years  of  growth  to  reach  maturity. 
Another  possibility  is  that  tagging  induced 
a  differential  mortality  and  made  the  per- 
centage of  repeat  spawners  appear  to  be 
less  than  normal.  Ball  and  Cope  (1961) 
found  that  tagging  of  spawners  caused 
from  4  to  12  percent  additional  mortality 
while  the  fish  were  in  the  spawning 
streams.  They  were  unable  to  determine 
whether  this  differential  mortality  con- 
tinued after  the  spawning  period. 

Examination  of  the  scales  of  spawning 
fish  for  indications  of  previous  spawning 
was  the  only  method  available  for  deter- 
mining possible  reasons  for  the  disagree- 
ment. Cutthroat  spawning  is  usually  asso- 
ciated with  drastic  scale  resorption.  After 
scale  growth  is  resumed,  the  scars  can 
often  be  separated  from  annuli.  Scales  of 
58  fish  of  age  group  V  from  the  1957 
Arnica  Creek  spawning  run  were  examined 
for  spawning  checks.  From  the  presence 
or  absence  of  spawning  marks  it  was  ap- 
parent that  25  of  the  58  fish  or  43  percent, 
had  spawned  before ;  4  fish  were  alternate- 
year  spawners,  20  were  consecutive-year 
spawners,  and  1  appeared  to  be  on  its  third 
spawning  run.  Forty- three  percent  of  age 
V  represented  12.4  percent  of  the  spawn- 
ing run.  Six  fish  were  placed  in  an  "  un- 
decided' '  category,  as  the  scale  reader  was 
not  certain  whether  previous  spawning  had 
occurred.    Of  27  fish  which  were  classified 


as  initial  spawners,  3  had  clipped  fins  in- 
dicating that  they  had  spawned  before. 
Hence,  some  fish  obviously  spawn  without 
excessive  scale  deterioration,  and  the 
above  method  for  determining  repeat 
spawners  is  not  completely  reliable.  There 
was  sufficient  confidence  in  the  method, 
however,  to  conclude  that  some  cutthroat 
in  Yellowstone  Lake  spawn  for  the  first 
time  at  age  V,  and  that  the  percentage  of 
repeat  spawners  in  the  runs  is  much  higher 
than  the  tagging  data  suggest.  Age  group 
V  in  the  spawning  runs  probably  includes 
three  classes  of  fish:  consecutive  spawners, 
alternate  spawners,  and  a  few  initial 
spawners. 

Composition  of  the  catch 

The  catch  in  Yellowstone  Lake  from 
1950  to  1959  was  composed  mostly  of 
age  groups  IV  and  V  (fig.  5) .  These  were 
the  same  age  groups  which  were  predomi- 
nant in  the  spawning  runs.  During  this 
period,  from  27  to  68  percent  of  the  catch 
landed  in  different  years  at  West  Thumb 
and  Fishing  Bridge  docks  were  age  IV 
fish;  from  10  to  41  percent  belonged  to 
age  group  V.  Age  IV  was  the  most 
abundant  age  group  in  1950,  1952,  1957, 
1958,  and  1959  at  Fishing  Bridge,  and 
in  all  years  of  the  period  except  1950  at 
West  Thumb.  The  1959  collection  had 
a  higher  percentage  of  age  IV  fish  than 
any  previous  collection  from  the  catch. 
Age  V  was  proportionally  larger  in  1951, 
1953,  1954,  and  1955  at  Fishing  Bridge 
and  in  1950  at  West  Thumb.  Mean  age 
of  the  West  Thumb  catch  was  considerably 
lower  than  mean  age  of  the  Fishing 
Bridge  catch ;  the  reason  for  this  difference 
will  be  discussed  later.  Age  VI  fish  were 
uncommon  in  the  catch,  especially  in 
later  years,  and  age  VII  fish  were  rare. 
Since  1955,  no  age  group  VII  fish  have 
been  collected  from  the  fishery.  No  age 
group  VI  fish  were  sampled  during  1959 
in  the  Fishing  Bridge  area,  and  only  0.1 
percent    (two  fish)   of  the  West   Thumb 

695879  O— 61 3 


sample  were  age  VI.  The  small  percent- 
ages of  age  II  fish  in  the  catch  indicate 
that  only  the  larger  fish  are  recruited  at 
that  early  age.  Age  group  III  contrib- 
uted significant  numbers  of  fish  to  the 
catch  in  all  years,  especially  in  the  West 
Thumb  area. 

Year-class  strengths  were  determined 
from  the  catch  by  two  methods.  Per- 
centage age  composition  of  samples  was 
first  compared  for  suggestion  of  year  class 
strength.  Any  sharp  deviation  from 
average  percentage  contributions  in  a 
given  age  group  suggests  a  relatively 
strong  or  weak  year  class.  Hile  (1954) 
discussed  possible  errors  in  using  this 
method,  but  concluded  that  it  probably 
provides  the  best  evidence  of  relative  year 
class  strength.  At  Fishing  Bridge  the 
1949  year  class  contributed  heavily  to 
the  catch  at  age  III,  comprising  30.9 
percent  of  the  1952  collection  (table  9). 
The  1952  year  class  contributed  heavily 
to  the  catch  at  age  II  (1954)  and  age  IV 
(1956),  and  slightly  more  than  average  at 
age  III  (1955).  Year  class  1953  was 
abundant  also  in  the  1957  and  1958 
collections  from  Fishing  Bridge.  At 
West  Thumb  the  1947  year  class  con- 
tributed significantly  to  the  catch  at  age 
III  and  VI;  the  1952  and  1953  year 
classes  contributed  strongly  at  all  ages. 
The  1955  year  class  comprised  over  half 
of  the   1959  catch  in  both  areas. 

The  completeness  of  the  data  collected 
in  the  10-year  period  suggested  that  fur- 
ther analysis  of  year-class  strength  was 
merited.  Adaptation  by  el  Zarka  (1959) 
of  HriVs  method  of  presenting  relative 
growth  rates  was  employed.  This  method 
is  based  on  a  series  of  comparisons  of  the 
relative  contributions  to  the  catch  of  two 
consecutive  year  classes.  Data  from  table 
9  will  be  used  to  illustrate  the  method. 
The  1946  year  class  at  Fishing  Bridge 
made  up  37.9  percent  of  the  1950  collec- 
tion at  age  IV,  36.3  percent  of  the  1951 
collection  at  age  V,  and  3.4  percent  of  the 
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Figure  5. — Age  composition  of  catch  from  Fishing  Bridge  and  West  Thumb  areas.     Collections  from 

1950  to  1959,  with  number  of  fish  included. 
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Table  9. — Age  composition  and  year  classes  of  Yellowstone  Lake  cutthroat,  1943-59 
[Data  obtained  from  samples  of  the  catch  from  1950  to  1959] 


Year  of  capture 

Year  class  of— 

1943 

1944 

1945 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1950: 

Age  group 

VII 

0.7 
0.2 

VI 

10.0 
4.0 

VII 

0.7 
0.3 

V 

37.2 
30.4 

VI 

13.5 
2.2 

VII 

IV 

37.9 
24.8 

V 

36.3 
21.3 

VI 

3.4 
3.6 

VII 

0.6 

III 

13.1 
34.2 

IV 

34.0 
40.7 

V 

23.4 
22.0 

VI 

6.1 

4.8 

II 

1.0 
6.4 

III 

13.5 
33.9 

IV 

39.2 
37.4 

V 

35.3 

19.7 

VI 

4.4 
2.0 

VII 

Percentage: 

Fishing     Bridge     (290 
fish)     

West  Thumb  (424  fish). 

1951: 

II 

2.0 
1.6 

III 

30.9 
32.8 

IV 

30.8 
43.5 

V 

39.3 
19.3 

VI 

8.7 
2.5 

Percentage: 

Fishing     Bridge     (355 
fish) 

West  Thumb  (366  fish). 

1952: 

Age  group 

II 

3.0 
2.8 

III 

21.3 
30.0 

IV 

30.1 
44.0 

V 

41.3 
19.0 

VI 

4.2 
1.0 

Percentage: 

Fishing     Bridge     (469 
fish)  

West  Thumb  (505  fish). 

1.4 

1953: 

II 

5.9 
2.0 

III 

18.8 
28.5 

IV 

26.9 
39.4 

V 

33.5 
22.3 

VI 

2.0 
2.1 

Percentage: 

Fishing     Bridge     (357 
fish)... 

West  Thumb  (356  fish). 

1954: 

II 

7.4 
6.2 

III 

20.1 
32.1 

IV 

43.0 
46.2 

V 

30.8 
36.3 

VI 

4.0 
1.6 

Percentage: 

Fishing     Bridge     (229 
fish)           

West  Thumb  (455  fish). 

1955: 

II 

3.0 

6.8 

III 

18.4 
30.5 

IV 

53.5 

47.4 

V 

38.1 
34.6 

VI 

Percentage: 

Fishing     Bridge     (298 
fish)        

West  Thumb  (368  fish). 

0.3 

1956: 

II 

0.8 

Percentage: 

Fishing     Bridge     (239 
fish).      

West  Thumb  (292  fish). 

1957: 

III 

12.3 
13.5 

IV 

46.3 
48.5 

V 

17.4 
10.4 

II 

1.4 
0.7 

III 

10.5 
13.2 

IV 

54.4 
68.0 

Percentage: 

Fishing     Bridge     (357 
fish)... 

West  Thumb  (289  fish). 
1958: 

II 

1.0 
2.0 

III 

20.0 
20.2 

Percentage: 

Fishing     Bridge      (296 
fish) 

West  Thumb  (243  fish). 

1959: 

II 

Percentage: 

Fishing     Bridge     (974 
fish) 

8.2 

West     Thumb     (1,376 
fish) 

0.1 

1.3 

1952  collection  at  age  VI.  Summation  of 
the  contributions  at  ages  IV,  V,  and  VI 
was  77.6  percent.  Year  class  1947  made 
the  following  contributions  at  the  same 
ages:  34.0  percent  of  the  1951  collection 
at  age  IV,  23.4  percent  of  the  1952  collec- 
tion at  age  V,  and  6.1  percent  of  the  1953 
collections  at  age  VI.  Total  of  these  con- 
tributions was  63.5  percent.  The  percent- 
age difference  in  strength  of  the  two  year 


classes  was  then  determined  in  the  fol- 
lowing manner: 


2  (77.6-63.5) 
77.6  +  63.5 


X100: 


20.0. 


Table  10  summarizes  the  comparisons 
and  calculations  which  were  made  to  rank 
all  year  classes.  The  percentage  differ- 
ences between  years  were  first  adjusted  to 
give  the  relative  position  of  each  year  class. 
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This  adjustment  was  made  by  arbitrarily 
giving  year  classes  1943  at  Fishing  Bridge 
and  1944  at  West  Thumb  a  value  of  0.0, 
and  adding  percentage  differences  of  each 
succeeding  comparison  to  it.  This  series 
of  figures  was  then  adjusted  to  a  mean  of 
0.0  for  all  year  classes  covered  to  obtain 
the  final  rankings  presented  in  the  right- 
hand  columns  of  table  10.  The  resulting 
relative  year-class  strength  is  shown 
graphically  in  figure  6. 

Dominant  year  classes  described  by 
the  above  method  were  1945,  1949,  1953, 
1956,  and  1957  for  Fishing  Bridge;  weak 
year  classes  were  produced  in  1947,  1951, 
and  1954.  Year  classes  1944,  1947,  1952, 
1953,  1956,  and  1957  were  strong  in  the 
West  Thumb  samples;  year  classes  1946 
and  1954  were  weak. 

Changes  in  age  composition  of  the  catch 
as  the  summer  progressed  were  noticeable 
and  have  been  reported  for  the  Fishing 


Bridge  area  in  1952  (Laakso  and  Cope, 
1956).  Composition  of  the  combined 
collections  from  1950  to  1956  from  West 
Thumb  and  Fishing  Bridge  areas  in  the 
present  paper  agrees  with  the  findings 
for  1952  (fig.  7).  The  number  of  fish 
of  age  groups  II  and  III  in  the  catch 
increased  as  the  season  progressed,  owing 
to  continual  recruitment.  The  large  per- 
centage of  age  group  V  fish  in  the  early 
catch  at  Fishing  Bridge  has  been  explained 
by  the  presence  of  large  numbers  of 
spawners,  from  both  the  lake  and  the 
river,  which  congregate  near  the  lake 
outlet  in  the  early  part  of  the  fishing 
season.  As  these  spawners  disperse  later 
in  the  summer,  the  mean  age  of  the  catch 
drops.  In  the  West  Thumb  area  the 
percentage  of  age  III  fish  was  relatively 
high  during  the  whole  summer.  The  high 
catch  of  age  III  fish  is  explained  by  the 
fact  that  most  of  the  early  fishing  pressure 
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Figure  6. — Fluctuations  in  relative  strength  of  year  classes  1943  to  1957  of  Yellowstone  Lake  cutthroat 
collected  from  Fishing  Bridge  dock  (solid  line)  and  West  Thumb  dock  (broken  line) . 
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Figure  7. — Age  composition  of  the  catch  from  West  Thumb  and  Fishing  Bridge  docks  by  month 
from  June  to  September,  collections  of  1950  to  1956  combined. 


in  the  West  Thumb  area  is  on  non- 
spawners,  so  the  younger  fish  which 
comprise  most  of  this  group  are  cropped 
heavily  (Cope,  1957a).  Later  in  the 
summer  more  age  III  fish  are  recruited 
into  the  fishery,  and  the  age  group 
continues  to  contribute  to  the  creel. 
There  are  not  as  many  older  fish  in  the 
early  West  Thumb  collections  because 
that  segment  of  the  fishery  is  not  con- 
centrated over  a  big  spawning  population 
as  is  the  Fishing  Bridge  fishery. 

The  great  change  in  age  composition  as 
the  fishing  season  progressed,  particularly 
in  the  Fishing  Bridge  area,  illustrated  the 


importance  of  collecting  samples  through- 
out the  summer  for  comparisons  of  age 
composition  between  years.  A  single 
collection  for  the  year  during  June  at 
Fishing  Bridge  dock  would  make  the 
catch  appear  to  consist  almost  entirely 
of  large,  mature  fish.  A  sample  taken  in 
August  would  be  very  similar  to  the  catch 
of  much  younger  fish  at  West  Thumb. 
Scale  samples  in  this  study  were  collected 
at  regular  intervals  during  the  summer 
to  avoid  biased  comparisons.  One  excep- 
tion occurred  in  1955  when  scale  collecting 
terminated  on  August  9  at  Fishing  Bridge 
dock. 
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Table  10. — Data  employed  in  determination  of  relative  strength  of  year  classes  1943  to  1957  of  Yellowstone 

Lake  cutthroat 

[See  text  for  explanation  of  columns] 


Year  classes  compared 

Age  groups 
included 

Sum 
for 
first 
year 

Sum 

for 

second 

year 

Mean 

Differ- 
ence 

Per- 
centage 
differ- 
ence 
between 
years 

Rela- 
tive 

strength 
of 

first 
year 

Final 

rank  of 

first 

year 

Fishing  Bridge  dock: 

1943  1944                       

VII 

VI,  VII 
V,  VI 
IV,  V,  VI 
III,  IV,  V,  VI 
II,  III,  IV,  V,  VI 
II,  III,  IV,  V,  VI 
II,  III,  IV,  V,  VI 
II,  III,  IV,  V,  VI 
II,  III,  IV,  V,  VI 
II,  III,  IV,  V 
II,  III,  IV 

II,  III 
II 

0.7 

10.7 

50.7 

77.6 

76.6 

93.4 

111.7 

99.8 

87.0 

105.3 

113.0 

59.6 

11.9 

1.0 

0.7 

13.5 

39.7 

63.5 

92.4 

111.7 

99.8 

87.0 

105.3 

113.0 

77.0 

66.3 

21.0 

8.2 

0.7 

12.1 

45.2 

70.6 

84.5 

102.6 

105.8 

93.4 

96.2 

109.2 

95.0 

63.0 

16.5 

4.6 

0.0 

2.8 

-11.0 

-14.1 

15.8 

18.3 

-11.9 

-12.8 

18.3 

7.7 

-36.0 

6.7 

9.1 

7.2 

0.0 

23.1 

-24.3 

-20.0 

18.7 

17.8 

-11.2 

-13.7 

19.0 

7.1 

-37.9 

10.6 

55.2 

156.5 

0.0 

0.0 

23.1 

-1.2 

-21.2 

-2.5 

15.3 

4.1 

-9.6 

9.4 

16.5 

-21.4 

-10.8 

44.4 

200.9 

0.0 
-58.1 
-84.8 
-54.4 
-63.1 
-63.2 
-64.1 
-67.4 
-42.1 
-43.4 
-86.8 
-60.0 
-18.1 

-16.5 

1944-1945                          -  -- - 

-16.5 

1945-1946                        -  

6.6 

1946-1947                    

-17.7 

1947-1948                   - --- 

-37.7 

1948-1949                    -- 

-19.0 

1949-1950                                            

-1.2 

1950-1951         - - 

-12.4 

1951-1952         

-26.1 

1952-1953         

-7.1 

1953-1954  ..   

0.0 

1954-1955 

-37.9 

1955-1956 

-27.3 

1956-1957  - 

27.9 

1957       - 

184.4 

West  Thumb  dock: 

1944-1945     -.- -- 

VI 

V,  VI 
IV,  V,  VI 
III,  IV,  V,  VI 
II,  III,  IV,  \  ,  VI 
II,  III,  IV,  V 
II,  III,  IV,  V 
II,  III,  IV,  V,  VI 

II,  III,  IV,  V 

III,  IV,  V 
III,  IV 

III 

4.0 

32.6 

49.7 

101.7 

99.4 

96.8 

95.9 

94.9 

120.8 

112.5 

62.0 

13.2 

2.2 
24.9 
67.5 
93.0 
99.3 
95.9 
92.8 
122.4 
119.3 
72.4 
81.2 
20.2 

3.1 

28.8 
58.6 
97.4 
99.4 
96.4 
94.4 
108.7 
120.0 
92.5 
71.6 
16.7 

-1.8 
-7.7 

17.8 
-8.7 
-0.1 
-0.9 
-3.1 

27.5 

-1.5 

-40.1 

19.2 
7.0 

-58.1 
-26.7 
30.4 
-8.7 
-0.1 
-0.9 
-3.3 
25.3 
-1.3 
-43.4 
26.8 
41.9 

54.3 

1945-1946     -   -- 

-3.8 

1946-1947 

-30.5 

1947-1948     .  .  

-0.1 

1948-1949   -.       - 

-8.8 

1949-1950     ..     

-8.9 

-9.8 

1951-1952 

-13.1 

12.2 

1953-1954   

10.9 

-32.5 

1955-1956 

-5.1 

36.2 

RELATIONS  OF  AGE  AND  GROWTH  TO  FISHING  PRESSURE 


Fishing  vs.  normal  variations 

Catches  in  the  Yellowstone  Lake  fishery 
increased  steadily  from  1950  to  1959. 
Estimated  catch  for  the  lake  rose  almost 
100  percent  in  the  10-year  period.  Total 
catch  estimates  by  year  were  as  follows : 3 

1950 200,015 

1951 208,255 

1952 245,277 

1953 195,873 

1954 215,933 

1955 286,056 

1956 290,221 

1957 301,155 

1958 349,027 

1959 393,467 

This  section  discusses  the  effect  of  in- 
creased fishing  pressure  on  age  and  growth 
of  the  population. 

Mean  age  provided  the  most  accurate 
measure  of  changes  in  the  age  composition. 

3  Figures  before  1955  from  Cope,  1957a. 
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Gulland  (1955)  examined  the  effects  of 
errors  of  plus  or  minus  1  year  in  aging 
plaice.  He  reported  that  the  general 
effect  is  to  reduce  the  apparent  differences 
between  year  classes.  The  age  distribu- 
tion is  leveled  out,  but  the  same  general 
shape  is  retained.  The  apparent  average 
age  is  unaltered  even  if  50  percent  of  the 
readings  are  in  error  by  1  year.  Gulland 
studied  a  fish  population  with  a  longer 
lifespan  than  the  Yellowstone  Lake  cut- 
throat, but  the  principle  should  hold  true 
though  to  a  lesser  degree.  Use  of  mean 
age  should  minimize  the  effect  of  possible 
errors  in  age  determination  of  cutthroat 
due  to  normal  and  retarded  scales. 

Changes  in  growth  rate  may  be  a  rather 
insensitive  index  of  overfishing  in  Yellow- 
stone Lake.  Mottley  (1932)  stated  that 
overfishing  which  results  in  lake  depletion 
is  indicated  by  an  increased  size  for  age, 
among  other  things.     This  criterion  was 


only  dependable,  however,  where  there 
was  no  competition  by  other  species  to 
take  up  the  excess  food  supply.  The 
longnose  sucker  (Catastomus  catastomus) 
competes  directly  with  the  cutthroat  for 
food  in  Yellowstone  Lake.4  A  decrease 
in  density  of  cutthroat  due  to  heavy 
fishing  pressure  may  not  be  reflected  by 
an  equally  large  increase  in  growth  rate  if 
suckers  take  much  of  the  excess  food 
produced.  Data  to  determine  changes  in 
relative  abundance  and  growth  rate  of  the 
longnose  sucker  were  not  collected  in 
previous  years,  so  this  possibility  could 
not  be  explored. 

Variations  in  mean  annual  tempera- 
tures were  considered  another  possible 
factor  affecting  growth  rate.  Growth 
rate  can  be  expected  to  increase  in  warmer 
years  and  decrease  in  cold  years.  A 
relation  has  been  illustrated  between  air 
temperatures  and  surface  water  tempera- 
tures of  a  lake  (McCombie,  1955);  hence, 
air  temperatures  were  used  to  indicate 
warm  and  cold  growing  seasons  for 
Yellowstone  Lake.  Data  were  obtained 
from  the  U.S.  Weather  Bureau  on  mean 
monthly  air  temperatures  at  Yellowstone 
Lake  from  1946  to  1958.  The  period  from 
May  to  October  was  considered  to  be  the 
maximum  summer  growing  season  for  the 
comparison.  Summation  of  mean  month- 
ly temperatures  showed  the  same  fluctu- 
ations as  percentage  deviations  from  the 
monthly  mean,  so  the  former  were  used. 
Calendar  years  1948  and  1956  were  the 
warmest  during  the  period  and  1950  and 
1951  were  the  coldest  (B.g.  8).  Warm  and 
cold  years  seemed  to  have  little  relation 
to  good  and  bad  years  of  growth.  Corre- 
lation coefficients  of  air  temperature  and 
growth  rates  of  fish  from  combined  Fish- 
ing Bridge  and  West  Thumb  samples  were 
as  follows:  All  ages,  0.21;  age  groups  IV 
to  VI,  0.40;  age  groups  II  and  III,  —0.46. 

4  Food  habits  of  the  longnose  sucker  and  cutthroat  trout  in 
Yellowstone  Lake,  by  Norman  Q.  Benson.  Unpublished  re- 
port, Rocky  Mountain  Sport  Fishery  Investigations,  Logan, 
Utah,  1958. 


None  of  the  correlations  were  significant 
at  the  0.05-percent  confidence  level.  An- 
nual fluctuations  in  growth  rate  at  all 
ages  appeared  to  be  independent  of  fluc- 
tuations in  summer  air  temperatures. 

The  presence  of  strong  and  weak  year 
classes  explained  some  of  the  observed 
fluctuations  in  growth  rate  and  mean  age. 
Significant  decreases  occurred  from  1951 
to  1952  in  growth  rate,  mean  age,  and 
mean  length  at  capture  of  creel  samples 
from  Fishing  Bridge  and  West  Thumb 
docks  (fig.  9).  In  1952  the  strong  1949 
year  class  (age  III)  was  abundant  in  the 
catch.  Cope  (1953  and  1957a)  suggested 
that  the  decrease  in  mean  length  at  cap- 
ture of  fish  from  1950  to  1952  (table  1) 
was  the  result  of  increased  fishing  pressure 
during  that  period,  and  that  an  increase  in 
mean  length  in  1953  was  the  result  of  weak 
brood  classes  of  1950  and  1951.  Informa- 
tion now  available  on  growth  rate  and  age 
composition  suggests  that  the  condition 
resulted  from  a  normal  fluctuation  in  year- 
class  strength.  A  dominant  1949  year 
class  followed  by  two  weak  year  classes 
produced  a  downward  trend  in  mean  age 
and  length  in  1952,  with  an  upswing  in 
1953  as  the  fish  grew  older.  The  de- 
crease in  growth  rate  in  1952  would  also 
be  explained  if  the  1949  year  class  were 
sufficiently  abundant  to  cause  an  increase 
in  population  density.  Data  from  Arnica 
Creek  spawning  runs  support  this  premise ; 
the  1949  year  class  from  Arnica  Creek  was 
the  slowest-growing  year  class  produced  in 
the  period  1945  to  1956.  It  was  also  the 
most  abundant  year  class  during  that 
period. 

Growth  and  mean  age  for  1954  were 
nearer  the  conditions  one  would  expect  as 
a  result  of  a  large  catch.  In  both  the 
West  Thumb  and  Fishing  Bridge  areas, 
relative  growth  rate  increased  and  mean 
age  dropped  somewhat.  Weak  1950  and 
1951  year  classes  could  have  caused  the 
drop  in  mean  age,  but  age  group  V  of  the 
dominant    1949    year   class   should   have 
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1946     1947     1948     1949     1950     1951 


1953      1954     1955     1956     ©57      1958 


Figure  8. — Combined  percentage  deviations  in  growth  rate  of  West  Thumb  and  Fishing  Bridge  creel 
samples  and  summation  of  mean  monthly  air  temperatures  (°F.)  from  May  through  October 
at  Yellowstone  Lake,  1946  to  1958. 


maintained  population  density.  Heavy 
fishing  pressure  resulting  in  a  large  catch 
would  produce  both  changes. 

Largest  deviations  from  average  oc- 
curred from  1957  to  1959  in  the  West 
Thumb  samples.  Mean  age  increased  in 
1957  and  1958  to  a  high  of  4.28  years 
followed  by  a  drop  to  3.88  years  in  1959. 
Growth  rate  reached  a  new  high  in  the 
period  1956  to  1958.  Fishing  Bridge 
samples  did  not  closely  follow  this  trend, 
except  for  above  average  growth  rate 
during  the  period  and  a  large  drop  in  mean 
age  (o  a  new  low  of  3.86  years  in  1959.     If 


the  strong  1953  year  class  caused  the  up- 
swing in  mean  age  at  West  Thumb  in  1957 
and  1958,  its  abundance  was  insufficient 
to  cause  a  decrease  in  growth  rate  in  those 
years.  This  condition  strongly  suggests 
that  population  density  was  higher  in 
1952  than  in  1957  and  1958.  The  de- 
crease in  mean  age  in  1959  appears  some- 
what ominous.  It  is  suspected  that  the 
decrease  was  not  due  to  strong  1956  and 
1957  year  classes  entering  the  fishery,  but 
to  heavy  fishing  which  delved  deeply  into 
these  younger  age  groups.  A  weakness 
in  the  methods  used  for  determining  year- 
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class  strength  is  that  variations  in  fishing 
pressure  can  give  false  indications  of 
strong  and  weak  year  classes.  Hence,  the 
actual  strength  of  the  1956  and  1957  year 
classes  is  unknown. 

General  trends  disregarding  short-term 
fluctuations,  appear  to  be  of  most  value  in 
neasuring  effects  of  the  catch  on  growth 
-ate.  The  data  indicate  that  the  cyclic 
variations  in  mean  age  and  in  growth 
-ate  were  connected  with  the  occurrence 
md  absence  of  dominant  year  classes. 
[t  was  necessary  to  remove  these  minor 
luctuations  to  determine  trends  which 
xmld  be  attributed  to  changes  in  the  catch. 
1  clearer  picture  of  the  trend  in  growth 
*ate  is  obtained  by  taking  the  average  of 
iach  three  consecutive  percentage  devia- 
tions.    If  the  combined  percentage  devia- 


tions in  growth  rate  for  West  Thumb  and 
Fishing  Bridge  from  table  5  are  smoothed 
twice  by  moving  averages  of  threes,  an 
upward  trend  in  growth  rate  becomes 
apparent: 

1946 -3.07 

1947 -3.34 

1948 -3.00 

1949 -2.46 

1950 -1.49 

1951 -0.87 

1952 .  -0.  12 

1953 0.79 

1954 1.85 

1955 2.61 

1956 3.36 

1957 3.  60 

1958 3.84 

From  1947  to  1958  a  gradual  but  distinct 
increase  in  growth  rate  occurred.     Only 
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igurb  9. — Mean  age  of  catch,  relative  growth  rate  of  collections  from  Fishing  Bridge  and  West 
Thumb  docks,  and  annual  harvest  from  Yellowstone  Lake.  Growth  rate  expressed  as  mean 
percentage  deviation  from  1946  to  1958,  mean  age  in  years,  harvest  in  100,000  fish. 
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those  age  groups  fully  recruited  to  the 
fishery  showed  this  increase  in  growth  rate, 
and  since  the  increase  coincided  with  a 
period  of  increasing  catch  it  was  concluded 
thai  fishing  pressure  caused  the  change. 

Northern  lake  area  vs.  southern  lake  area 

Changes  which  have  occurred  in  the 
population  are  perhaps  more  evident  when 
comparisons  are  made  between  spawning 
populations  in  the  north  and  south  ends  of 
the  lake.  Cope  (1953)  estimated  that  95 
percent  of  the  fishing  pressure  was  ex- 
pended on  the  northern  end  of  the  lake. 
That  percentage  has  undoubtedly  de- 
creased slightly  in  recent  years  owing  to 
the  large  number  of  private  trailer  boats 
and  cruisers  on  the  lake;  but  the  northern 
end  of  the  lake,  being  highly  accessible, 
still  receives  most  of  the  fishing  pressure. 
Another  factor  also  protects  the  southern 
spawning  runs.  Greatest  fishing  intensity 
on  the  lake  occurs  during  late  June  and 
early  July  (Cope,  1957a).  Spawning  in 
Grouse  and  Chipmunk  Creeks  reaches  a 
peak  at  the  same  time  (Cope,  1957b). 
Hence,  most  of  the  catchable-sized  fish  of 
these  two  streams  do  not  complete  spawn- 
ing and  move  northward  until  fishing  pres- 
sure has  declined.  Harvest  of  the  southern 
populations  is  correspondingly  less,  and 
some  differences  in  the  populations  from 
the  north  and  south  ends  of  the  lake  are 
probably  the  result  of  this  uneven  exploi- 
tation. 

Several  comparisons  were  made  between 
spawning  populations  from  Grouse  and 
Chipmunk  Creeks  and  from  Arnica,  Peli- 
can, and  Clear  Creeks.  The  significantly 
larger  mean  lengths  at  capture  of  fish  from 
Grouse  and  Chipmunk  as  contrasted  with 
mean  lengths  of  fish  from  northern  streams 
was  mentioned  previously  (table  1).  The 
present  study  shows  that  this  length  differ- 
ential was  the  result  of  differences  in  age 
composition  of  the  runs.  Spawning  runs 
in  Chipmunk  and  Grouse  Creeks  contained 


larger  percentages  of  old  fish.  Ball  and 
Cope  (1961)  reported  that  average  spawner 
survival  is  lower  in  Grouse  and  Chipmunk 
Creeks  than  in  the  three  northern  streams 
listed  above.  Thus,  one  would  expect 
mean  age  of  runs  in  these  two  streams  to 
be  lower,  as  fewer  old  fish  survive  the 
rigors  of  spawning.  A  larger  percentage 
of  old  fish  is  present  which  indicates  that 
the  low  mean  age  of  the  northern  spawning 
runs  is  the  result  of  the  larger  catch  in 
that  area. 

A  difference  was  noticed  also  in  the  per- 
centage of  spawners  with  normal  scales  be- 
tween north  and  south  areas  (table  A-l, 
appendix  B) .  An  analysis  of  variance  was 
made  of  differences  in  the  percentage  of 
age  IV  spawners  with  normal  scales  in  the 
1953  to  1955  collections.  There  was  a  sig- 
nificant difference  at  the  0.05-percent  level 
(F  value,  34.11)  in  percentages  of  fish  with 
normal  scales  among  five  spawning  runs. 
Combined  samples  from  Arnica  and  Peli- 
can were  significantly  different  from  Chip- 
munk and  Grouse  Creek  samples  with  an 
F  of  42.97.  Differences  between  Chip- 
munk and  Grouse  Creeks  were  very  small, 
as  an  F  of  0.40  was  not  significant  at  the 
same  probability  level. 

Variations  in  production  of  fish  with  nor- 
mal scales  may  be  the  result  of  differences 
in  stream  environment,  time  of  spawning, 
or  length  of  time  fry  remain  in  the  stream. 
Hence,  comparison  of  percentage  differ- 
ences in  the  number  of  fish  with  normal 
scales  from  one  year  of  age  to  the  next  pro- 
vides a  more  accurate  comparison.  Per- 
centage decreases  in  normal  scales  from 
age  IV  to  age  V  in  the  1953  to  1955  sam- 
ples were:  Arnica,  39.1;  Pelican,  38.2; 
Clear,  33.3;  Chipmunk,  27.5;  and  Grouse, 
17.5.  Normal  fish  from  the  northern 
spawning  runs  obviously  had  a  higher  mor- 
tality between  age  IV  and  V  than  did  fish 
from  Grouse  and  Chipmunk  runs.  This 
observation  was  supported  by  high  calcu- 
lated lengths  of  older  fish  in  the  southern 
runs,  and  also  explains  some  of  the  differ- 
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ence  in  degree  of  Lee's  phenomenon  in 
samples  from  the  northern  and  southern 
areas  (appendix  B). 

Discussion  of  angling  effects 

Increase  in  catch  of  fish  on  Yellowstone 
Lake  from  1950  to  1959  caused  a  decline  in 
the  percentage  of  fish  belonging  to  age 
groups  VI  and  VII,  especially  in  the  north- 
ern end  of  the  lake.  Fish  in  these  two  age 
groups  were  apparently  never  very  abun- 
dant in  the  population.  The  amount  of  re- 
duction in  mean  age  of  the  catch  due  to 
fishing  pressure  has  not  been  determined. 
Mean  age  varied  more  with  year-class 
strength  than  with  fishing  pressure,  al- 
though the  drop  in  mean  age  to  a  new  low 
in  1959  is  attributed  to  the  exceedingly 
heavy  catch  in  that  year.  Mean  age  of  the 
population  was  undoubtedly  reduced 
somewhat  in  proportion  to  size  of  the 
catch,  but  not  enough  to  dampen  out  fluc- 
tuations caused  by  the  occurrence  of  strong 
and  weak  year  classes. 

The  decrease  in  population  density  re- 
sulting from  the  large  catch  caused  an  in- 
crease in  growth  rate  of  mature  cutthroat 
even  with  a  competing  species  of  fish  pres- 
ent. This  increased  growth  rate  balanced 
out  loss  of  older  fish  from  the  population 


so  that  mean  length  of  the  catch  has  not 
declined. 

The  observed  increase  in  growth  rate 
and  decrease  in  percentage  of  fish  in  the 
older  age  groups  indicate  that  production 
in  the  lake  has  been  more  efficient,  and  the 
1959  catch  may  be  close  to  a  maximum 
equilibrium  yield.  The  removal  of  large 
old  fish  often  allows  an  increase  in  num- 
bers of  fish  of  medium  size,  and  the  total 
number  of  fish  available  to  the  fishery  is 
increased.  The  improvement  is  associated 
with  an  increase  in  growth  rate.  Hence, 
increase  in  growth  rate  of  Yellowstone 
Lake  cutthroat  is  probably  a  healthy  con- 
dition as  mean  size  of  fish  in  the  catch  has 
not  decreased.  An  excessive  catch  will  be 
indicated,  however,  if  growth  rate  remains 
high  but  mean  size  and  age  of  the  catch  de- 
crease more  than  can  be  attributed  to  vari- 
ations in  year-class  strength.  The  present 
rate  of  increase  in  fishing  pressure  and  the 
changes  in  age  and  growth  which  have 
taken  place  suggest  that  this  condition 
may  occur  within  the  next  few  years.5 


5  Recent  analysis  of  1960  data  indicates  that  maximum  equilib- 
rium yield  was  surpassed  in  1959.  It  was  not  evident  that  the 
1959  catch  was  excessively  high  until  the  1960  data  on  growth  rate, 
mean  lengths,  and  age  composition  of  the  catch  and  spawning 
runs  were  available. 


SUMMARY 


Scale  collections  from  1948  to  1959 
provide  considerable  information  on  the 
growth  rate  and  age  composition  of  the 
cutthroat  population  in  Yellowstone  Lake. 
Growth  rate  of  combined  samples  of  tin* 
catch  was  slow  from  1947  to  1952  and 
most  rapid  in  1954,  1956,  and  1958. 
Rate  of  growth  increased  gradually  from 
1947  to  1958  when  annual  fluctuations 
were  smoothed  out.  There  was  no  cor- 
relation between  annual  fluctuations  in 
mean  summer  air  temperature  and  growth 
rate. 

Females  are  predominant  both  in  the 
spawning  runs  and  in  the  catch  up  to  age 
V  or  VI;  males  then  become  predominant. 


Fish  in  the  spawning  runs  range  from 
3  to  7  years  of  age.  Fish  of  age  groups  IV 
and  V  composed  77  to  98  percent  of  the 
runs  examined  from  1951  to  1959.  Age 
group  IV  was  usually  predominant.  Mean 
age  of  fish  from  Chipmunk  and  Grouse 
Creeks  is  much  higher  than  that  of  fish 
from  spawning  runs  in  the  northern  end 
of  the  lake.  Age  composition  of  the 
catch  is  similar  to  the  spawning  runs  with 
the  exception  of  larger  percentages  of  age 
III  fish  and  the  inclusion  of  some  age  II 
fish  in  the  catch.  A  general  decrease 
occurred  in  the  percentage  of  age  VI  and 
age  VII  fish  in  the  catch  during  the  period 
from    1950    to    1959.     Mean    age    of    the 
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catch  fluctuated  independently  of  Ashing 
ure. 
Year  cl  ngth  varied  in  different 

spawning  Btreams,  although  1 949  pro- 
duced a  Btrong  year  class  in  most  areas. 
Samples  from  the  catch  at  Pishing  Bridge 
dock  indicated  that  Btrong  year  classes 
were  produced  in  L945,  1949,  and  from 
bo  1957;  weak  year  classes  were  pro- 
duced in  1947  and  1951.  West  Thumb 
samples  had  strong  year  classes  in  1944, 
1947,   and   from   1952   to   1956;   1946  and 


1948  to  1951  produced  weak  year  classes. 

The  general  increase  in  growth  rate 
and  a  decrease  in  percentage  of  older  age 
groups  are  assumed  to  be  the  result  of  the 
increase  in  catch  of  fish. 

The  observed  changes  suggest  that  more 
efficient  production  has  occurred  and  that 
maximum  equilibrium  yield  is  near.  If 
the  catch  continues  to  increase  at  the  pres- 
ent rate,  it  may  become  excessive  within 
the  next  few  years. 
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Appendix  A—BODY  SCALE  RELATION 


Workers  studying  cutthroat  trout  have 
reported  various  types  of  body-scale  re- 
lations. Fleener  (1952)  obtained  an  ex- 
ponential relation  for  cutthroat  of  Logan 
River,  Utah.  Irving  (1956)  found  that 
a  second-degree  polynomial  best  described 
his  data  for  Henrys  Lake  cutthroat. 
Willoughby  (1951)  and  Bjornn  '(1957) 
used  a  linear  relation  for  cutthroat  of 
Yellowstone  Lake  and  Priest  Lake,  re- 
spectively. The  different  expressions  of 
the  body-scale  relation  may  be  due  to 
limited  sample  sizes  rather  than  to  actual 
differences  in  growth  of  scales  in  relation 
to  body  growth. 

Laakso  (1956)  described  the  body-scale 
regression  of  juvenile  cutthroat  from 
Yellowstone  Lake  as  linear  and  found 
significant  differences  in  this  relation  for 
fish  from  four  areas  of  the  lake.  A 
linear  relation  probably  exists  for  adult 
Yellowstone  fish  within  the  size  range  of 
300  to  425  millimeters.  This  size  range 
included  approximately  90  percent  (8,290 
fish)  of  samples  of  the  catch  and  spawning 
runs  collected  from  1950  to  1956.  A 
test    for   linearity   within    the    latter   size 


range  provided  an  F  value  of  1.06  which 
was  not  significant  at  the  0. 05-percent 
level  of  probability.  Thus,  a  straight 
line  satisfactorily  expresses  the  regression 
of  the  anterior  scale  radius  on  body 
length  for  fish  from  300  to  425  millimeters. 
Analysis  of  variance  also  indicated  that 
there  was  no  significant  difference  in 
the  body-scale  relation  among  fish  in 
this  size  range  from  different  parts  of  the 
lake.  An  F  value  of  0.897  was  not  signifi- 
cant at  the  0.05-percent  level.  Even 
though  some  minor  differences  in  the 
body-scale  regression  of  juvenile  fish  may 
be  present  as  suggested  by  Laakso,  the 
relation  is  similar  for  adult  fish. 

The  body-scale  regression  for  fish  of  all 
lengths  was  determined  by  measurement 
of  9.668  fish  from  40  to  500  millimeters 
in  total  length  (fig.  A-l).  The  relation 
for  fish  of  all  sizes  was  best  described 
mathematically  as  a  Bigmoid  curve  ex- 
pressed by  the  formula 

.hS7i  =  -9.10-r-0.30Sr,  A 

-855  A2X10-6-fl08  />3X10"8, 

where  ASR  equals  the  anterior  scale  radius 
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Appendix  figure  A-l. — Body-scale  relation  of  Yellowstone  Lake  cutthroat. 


in  tenths  of  an  inch  (X115)  and  L  is 
body  total  length  in  millimeters.  This 
formula  does  not  adequately  describe  the 
body-scale  relation  for  fish  below  250  milli- 
meters in  total  length.  A  regression  line 
drawn  freehand  to  conform  closelv  with 


the  empirical  data  was  used  for  construc- 
tion of  a  nomograph  in  the  manner 
described  by  Lowry  (1951  J.  The  method 
provided  more  accurate  calculated  lengths 
than  those  obtained  from  the  theoretical 
body-scale  formula. 
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Appendix  B— LEE'S  PHENOMENON 


Lee's  phenomenon  was  evident  to  such 
a  degree  in  the  samples  that  correction 
was  necessary  to  reduce  its  effect  on  cal- 
culated lengths.  The  1954  collection  from 
West  Thumb  dock  illustrates  this  phenom- 
enon (fig.  A-2).  Calculated  lengths  to 
most  ages  by  older  fish  were  smaller  than 
lengths  calculated  from  the  younger  fish. 
Formal  t  tests  to  determine  the  degree  of 
differences  in  calculated  lengths  were 
made.  Calculated  lengths  at  age  II  from 
age  III  fish  of  the  1955  collections  were 
compared  with  lengths  at  age  II  calculated 
from  older  fish.  Differences  in  calculated 
lengths  were  significant  at  the  0.05-percent 
level  for  collections  from  Arnica,  Pelican, 
and  Clear  Creeks  and  from  the  West 
Thumb  and  Fishing  Bridge  segments  of 
the  fishery.  Tests  of  the  differences  in 
calculated  lengths  at  age  III  by  age  group 
III  fish  and  lengths  calculated  at  age  III 
by  older  fish  provided  values  of  t  which 
were  significant  at  the  0.05-percent  level 


with  the  exception  of  Clear,  Grouse,  and 
Chipmunk  Creek  samples.  Lee's  phenom- 
enon was  much  less  evident  in  Chipmunk 
and  Grouse  Creek  collections  than  in 
samples  taken  at  the  north  end  of  the  lake. 
Hile  (1936)  lists  the  possible  causes  of 
Lee's  phenomenon  in  calculated  lengths. 
The  presence  of  normal  and  retarded 
scales  provided  a  unique  illustration  of 
the  causes  of  Lee's  phenomenon  in  this 
study.  Normal  fish  were  larger  on  the 
average  than  fish  with  retarded  scales 
of  the  same  age  up  to  age  V  (fig.  A-3j. 
The  percentage  of  these  larger  fish  with 
normal  scales  decreased  with  age  in  all 
collections  examined  (table  A-l).  This 
decrease  was  not  due  to  differences  in  the 
percentage  of  normal  fish  produced  in 
certain  years,  as  the  percentage  remained 
fairly  constant  for  a  given  area.  Per- 
centages of  fish  of  age  groups  III,  IV,  and 
V  with  normal  scales  from  six  year 
classes   of   Arnica   Creek   spawners   were 
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Appendix  figure  A-2. — Calculated  total  lengths  from  combined  age  groupsof  455  fish  collected  at 
West  Thumb  dock,  1954.     Percent  of  fish  in  sample  with  normal  scales  in  parentheses. 
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Appendix  figure  A-3. — Growth  in  length  of  697  normal  (solid  line)  and  952  retarded  fish  (broken  line) 
from  combined  collections  of  1955.     Calculated  total  lengths  by  summation  of  mean  increments. 


not  significantly  different  (table  A-2). 
Analysis  of  variance  among  years  in  the 
percentage  of  fish  with  normal  scales 
provided  an  F  value  of  2.086,  which  was 
not  significant  at  the  0.05-percent  level. 
Hence,  the  larger  (normal)  fish  of  each 
year  class  obviously  suffered  an  early 
mortality,  leaving  the  smaller  (retarded) 
fish  to  make  up  the  older  age  groups. 

This  differential  mortality  was  attrib- 
uted to  two  factors.  Larger  fish  are 
recruited  into  the  spawning  runs  and 
into  the  fishery  sooner  than  smaller  fish 
of  the  same  year  class.     Spawning  mor- 


tality is  high  and  few  fish  survive  to 
spawn  a  second  time  (Ball  and  Cope, 
1961).  Thus,  Lee's  phenomenon  was 
caused  not  only  by  selective  fishing  but 
also  by  a  higher  natural  mortality  among 
the  larger  fish  of  each  year  class. 

Only  fish  in  age  group  IV  and  younger 
were  combined  for  calculating  lengths  up 
to  age  III  to  compensate  for  Lee's  phe- 
nomenon.1    Inclusion    of   age  IV  fish  in 


i  Adjustment  for  Lee's  phenomenon  was  applied  only  in  tables 
A-3  and  A-4  where  calculated  lengths  at  each  year  of  life  are 
presented;  all  other  comparisons  were  made  with  unadjusted 
calculated  lengths. 
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Appendix  table  A-l . — Percent  offish  with  normal 

scales  in  each  age  group  from  the  1955  collection  at 

Yellowstone  Lake 

[Number  of  fish  examined  in  parentheses] 


Area 

Percent  of  fish  with  normal 
scales  in  age  group — 

II 

III 

IV 

V 

VI 

50.0 

(26) 

59.0 

(29) 

100.0 

(7) 

0.0 

(3) 

28.9 
(190) 
37.7 
(106) 
90.1 
(101) 
67.3 
(161) 
56.5 
(46) 
47.6 
(145) 
27.5 
(80) 

12.4 

(89) 
25.6 

(82) 
80.0 

(25) 
34.9 

(83) 
43.5 

(39) 
22.8 

(70) 
23.6 
(123) 

0.0 

Pelican...  

(4) 
17.6 

Clear 

(17) 

Chipmunk 

15.8 

(H) 
50.0 

West  Thumb 

80.0 

(25) 

90.0 

(9) 

66.1 

(118) 

45.0 

(60) 

(6) 
44.4 

Fishing  Bridge    . 

(9) 
7.7 

(26) 

the  computations  helped  compensate  for 
the  fish  in  age  II  and  III  which  were  the 
largest  of  their  age  group.  Calculated 
lengths  for  age  IV  and  above  were  ob- 
tained   by    consecutively    adding    mean 


annual  increments  of  combined  age  groups 
of  older  fish  to  calculated  length  at  age 
III.  This  method  gave  fair  agreement 
between  calculated  and  empirical  lengths 
of  each  age  group  (table  A-3).  A  calcu- 
lated length  of  45.2  millimeters  for  the 
first  year  of  life  agreed  well  with  empirical 
lengths  of  age  I  fish.  Laakso  and  Cope 
(1956)  measured  190  age  group  I  fish 
captured  from  May  5  to  May  17,  1953. 
Mean  total  length  of  these  fingerlings  was 
47.8  millimeters.  They  reported  that 
annulus  formation  is  completed  before 
May  5  by  most  fish  under  330  millimeters 
in  length.  Calculated  lengths  at  the  end 
of  the  first  year  of  life  in  the  present  study 
ranged  from  43  to  56  millimeters.  Great- 
est differences  between  calculated  and 
empirical  lengths  were  at  ages  II  and  III, 
but  all  samples  included  only  the  largest 
fish  in  these  age  groups. 


Appendix  table  A-2. — Percent  offish  with  normal 
scales  in  six  year  classes  from  Arnica  Creek 
collections  of  1951  to  1958 

[Number  of  fish  examined  in  parentheses] 


Age  when  examined 

Percent  of  fish  with  normal  scales  in 
year  class  of— 

1948 

1949 

1950 

1951 

1952 

1953 

III 

35.3 

(34) 
19.7 
(152) 
13.3 
(60) 

35.3 
(51) 
18.0 
(122) 
14.8 
(94) 

52.1 
(23) 
17.5 
(74) 
12.4 
(89) 

47.8 
(23) 
28.9 
(190) 
13.5 
(52) 

50.0 

(26) 
45.0 
(91) 
11.6 

(129) 

56.3 

IV 

(16) 
27.5 

V 

(138) 
17.1 

(63) 

Appendix  table  A-3. — Mean  total  lengths  at  capture 
and  calculated  total  lengths  adjusted  for  Lee's 
phenomenon  from  the  1954  Fishing  Bridge 
collection  of  229  fish 

[In  millimeters] 


Year  of  life 

Length  at  capture 

Calcu- 
lated 

Mean 

Range 

length 

I 

45.2 

II 

280.5 
304.7 
340.8 
375.3 
400.9 

200-305 
260-340 
315-390 
350-415 
395-415 

131.2 

Ill 

215.9 

IV 

306.0 

V 

380.8 

VI 

432.8 

Appendix  C— CALCULATED  LENGTHS 


Calculated  lengths  adjusted  for  Lee's 
phenomenon  and  mean  lengths  at  capture 
of  combined  collections  from  1953  to  1955 
are  presented  in  table  A-4.  No  difference 
was  determined  in  calculated  lengths  of 
males  and  of  females,  so  sexes  were  com- 
bined for  all  comparisons.  Calculated 
lengths  of  fish  from  Clear,  Chipmunk,  and 
Grouse  Creeks  were  generally  larger  than 
lengths  of  fish  from  other  spawning  runs. 
Range  in  calculated  length  among  areas 
was  least  at  the  end  of  the  first  year  of  life 


(5.6  millimeters)  and  greatest  at  the  end 
of  the  second  year  (39.7  millimeters). 
Calculated  lengths  of  older  age  groups 
were  larger  than  lengths  at  capture  be- 
cause only  the  smaller  fish  of  each  year 
class  survived  to  ages  VI  and  VII.  Actual 
differences  in  calculated  lengths  between 
areas  were  minor,  and  most  of  the  varia- 
tion was  connected  with  different  percent- 
ages of  normal  fish  in  the  samples;  the 
three  areas  with  supposedly  Larger  fish  also 
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Appendix  table  A-4. — Mean  calculated  total  lengths  adjusted  for  Lee's  phenomenon  of  fish  from  combined 

collections  of  1963  to  1955 
[In  millimeters.    Mean  lengths  at  capture  in  parentheses] 


Area 


Num- 
ber of 
fish 


Mean  calculated  length  at  age- 


Ill 


IV 


VI 


VII 


Arnica 

Pelican 

Otear.. 

Chipmunk 

Grouse 

West  Thumb 

Fishing  Bridge 

Weighted  mean  length 


744 
661 
471 
672 
345 
1,180 


49.7 
44.1 
45.0 
46.0 
47.9 
46.5 
45.0 


118.9 
(169. 0) 
113.3 

144.8 

153.0 

138.0 

121.0 
(283.  0) 

131.3 
(268.  6) 


218.0 
(301.3) 

219.6 
(306.  7) 

225.3 
(304.  3) 

227.0 
(318.  7) 

226.2 
(326.9) 

216.0 
(297.  0) 

243.0 
(298.  0) 


306.0 
(342.  3) 

306.8 
(344.  0) 

317.0 
(355. 8) 

323.7 
(358.  0) 

327.9 
(363.  5) 

297.4 
(349. 7) 

320.8 
(342.  6) 


385.6 
(370.  7) 

390.3 
(382.  0) 

399.6 
(377. 1) 

402.2 
(394.  5) 

395.4 
(396.  0) 

380.7 
(364.  5) 

406.3 
(374.  6) 


437.6 
(421.  2) 

439.8 
(427. 8) 

453.5 
(424. 8) 

454.5 
(429.  6) 

440.1 
(422.  2) 

430.2 
(390.  5) 

457.1 
(406.  3) 


481.8 
(440. 0) 

490.5 
(455. 0) 

488.5 
(447.  3) 

476.1 
(445. 0) 

477.2 
(402.  5) 

497.1 
(423.  0) 


5,057 


46.2       129.3       225.0       311 


393. 2       443. 8       485. 4 


had  the  highest  percentages  of  normal  fish 
in  the  samples. 

A  growth  curve  derived  from  mean 
lengths  does  not  necessarily  represent  the 
growth  pattern  of  an  individual  fish,  but 
the  calculated  lengths  presented  in  table 
A-4  do  indicate  the  theoretical  pattern  of 


growth  of  Yellowstone  Lake  cutthroat. 
The  growth  curve  for  combined  collections  i 
of  1953  to  1955  from  all  areas  of  the  lake 
revealed  that  mean  growth  was  most  rapid 
between  ages  II  and  IV  (fig.  A-4) .  Growth 
rate  decreased  slightly  between  ages  IV 
and  V;  after  age  V  growth  slowed  rapidly. 


Appendix  D— GROWTH  COMPENSATION 


Comparison  of  growth  increments  sug- 
gested that  the  early  disadvantage  in 
size  of  fish  with  retarded  scales  was  not 
completely  compensated  in  later  life. 
Calculated  lengths  by  mean  increment 
summation  were  higher  for  normal  fish 
than  for  retarded  fish  at  all  ages.  Figure 
A-3  illustrates  this  length  difference. 
Comparison  of  increments  of  length  in 
millimeters  attained  at  each  age  by 
normal  fish  and  by  retarded  fish  collected 
in  1955  from  all  areas  of  the  lake  were  as 

follows:  First  year,  44.3  and ;  second 

year,  101.7  and  90.6;  third  year,  81.9 
and  113.2;  fourth  year,  89.9  and  82.7; 
fifth  year,  68.6  and  85.0;  sixth  year,  53.0 
and  49.0.  The  retarded  fish  had  a  faster 
average  rate  of  growth  after  the  first  year 
of  life.  Differences  in  calculated  lengths 
between  the  two  groups  decreased  with 
age,  but  individual  fish  which  were 
undersized  at  the  end  of  the  first  year  of 
life  did  not  grow  sufficiently  fast  to  catch 
up   with   the   normal   fish.     Van   Oosten 


(1929)  described  a  similar  condition  for 
the  lake  herring  of  Lake  Huron,  where 
the  small  yearlings  grew  more  rapidly 
than  large  yearlings. 

Another  factor  which  must  be  con- 
sidered in  analyzing  growth  compensation 
in  the  Yellowstone  Lake  population  is 
the  high  mortality  of  normal  fish  men- 
tioned in  the  section  on  Lee's  phenomenon. 
Normal  fish  were  recruited  into  the 
fishery  and  the  spawning  runs  at  a  younger 
age  than  retarded  fish  and  were  thus 
removed  from  the  population  at  a  young 
age.  The  above  analysis  of  growth  com- 
pensation using  length  increments  does 
not  consider  this  mortality  differential. 
If  only  the  normal  and  retarded  fish 
which  survive  are  used  for  comparison, 
it  can  be  shown  that  a  distinct  growth 
compensation  does  occur.  Calculating 
lengths  by  combined  age  groups  instead 
of  by  mean  increment  summation  illus- 
trates this  condition.  Calculated  lengths 
in  millimeters  of  the  1955  sample  of  697 
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Appendix  figure  A-4. 


■Growth  curve  of  Yellowstone  Lake  cutthroat  based  on  calculated  lengths  of 
5,057  fish  collected  from  1953  to  1955. 


normal  fish  and  952  retarded  fish  are  as 

follows:  First  year,  44.3  and ;  second 

year,  146.0  and  90.6;  third  year,  226.6 
and  203.8;  fourth  year,  309.7  and  284.0; 
fifth  year,  360.2  and  348.3;  sixth  year, 
387.0  and  405.0.  By  this  method  surviv- 
ing normal  fish  were  larger  than  retarded 
fish  only  up  to  the  fifth  year  of  life. 
Apparently  the  normally  scaled  fish  still 
living  at  age  V  were  the  slowest-growing 
individuals  in  that  group,  as  they  had 
been  overtaken  by  the  rapid-growing 
retarded  fish. 

Another  explanation  is  that  spawning 
at  a  younger  age  caused  a  decline  in  rate 
of  growth  of  the  normal  fish  so  that  the 
slower-maturing  retarded  fish  were  able 
to    catch    up.     Ball    and    Cope     (1961) 


described  the  deleterious  effects  of  spawn- 
ing on  Yellowstone  Lake  cutthroat. 
Calhoun  (1944)  reported  that  cutthroat 
in  Upper  Blue  Lake,  Calif.,  failed  to  grow 
after  spawning.  Yellowstone  Lake  fish 
which  survive  spawning  do  continue  to 
grow,  although  perhaps  at  a  slower  rate. 
In  calculated  lengths  of  age  V  fish,  the 
difference  between  normal  and  retarded 
fish  was  negligible  (11.9  millimeters). 
Mean  calculated  lengths  of  the  retarded 
fish  had  even  surpassed  mean  length  of 
the  few  remaining  normal  fish  by  the 
sixth  year  of  life.  Hence,  where  only 
surviving  fish  arc  considered,  growth 
compensation  between  retarded  and 
normal  fish  is  completed  by  the  (Mid  of 
the  fifth  year  of  life. 
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ABSTRACT 

In  a  study  of  the  Yellowstone  cutthroat  trout,  Salmo  clarki  lewisi,  by  the  U.S.  Fish  and 
Wildlife  Service,  effects  of  environment  on  mortality  of  eggs,  immature  fish,  spawners, 
and  postspawners  were  measured  for  various  components  of  the  population  in  Yellowstone 
Lake  (Wyoming).  Five  methods  for  estimating  mortality  of  adults  on  spawning  runs 
are  described,  with  counting  and  tagging  as  the  principal  procedures.  Of  the  total  num- 
ber of  eggs  deposited  in  the  gravel,  60  to  75  percent  died  before  hatching,  and  99.6  percent 
had  died  by  the  time  the  fingerlings  entered  Yellowstone  Lake.  Among  adults  on  spawn- 
ing runs,  mortality  was  48.1  percent.  Sex  ratios  on  spawning  runs  were  uneven, 
averaging  1.47  females  to  1  male.  Very  few  trout  spawned  a  second  time;  of  those  that 
did,  more  spawned  after  a  2-year  interval  than  after  1  year. 

In  the  Arnica  Creek  runs,  48.6  percent  died  in  the  stream,  40.2  percent  died  later  in  the 
lake  of  natural  causes,  7.6  percent  were  taken  by  fishermen,  and  3.6  percent  were  alive 
2  years  later.  The  white  pelican  is  a  serious  predator  on  cutthroat  trout  in  Yellowstone 
Lake.  From  1949  to  1953,  fishermen  caught  11.6  percent  of  the  catchable  trout  available 
to  them.     Migrations  of  adult  fish  in  Yellowstone  Lake  were  traced  through  tagging. 
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MORTALITY  STUDIES  ON 
IN  YELLOWSTONE  LAKE 

By  Orville  P.  Ball  and  Oliver  B.  Cope 
Fishery  Research  Biologists 
Rocky  Mountain  Sport  Fishery  Investigations 
Logan,  Utah 

The  U.S.  Fish  and  Wildlife  Service  has 
been  engaged  in  a  full-scale  study  of  the 
Yellowstone  cutthroat  trout,  Salmo  clarki 
lewisi,  in  Yellowstone  Lake  (Wyoming) 
for  several  years.  The  lake  lies  within 
Yellowstone  National  Park  and  has  be- 
come increasingly  prominent  among  the 
recreational  features  of  the  park,  espe- 
cially since  World  War  II.  Large  increases 
in  fishing  pressure  and  noticeable  changes 
in  the  fishery  developed  by  1950,  and  the 
National  Park  Service  sought  advice  from 
the  Fish  and  Wildlife  Service  regarding 
reasonable  management  methods  for  this 
fishery  resource. 

The  problem,  one  of  population  dynam- 
ics, in  Yellowstone  Lake  was  to  find  the 
numbers  of  cutthroat  trout,  and  their 
sizes,  that  could  safely  be  taken  from  these 
waters.  The  approach  to  the  problem 
resolved  itself  into  studies  of  mortalities 
and  survivals,  and  still  continues  in  this 
direction.  Studies  on  the  various  mortal- 
ities operating  on  the  population  of  cut- 
throat have  resulted  in  an  abundance  of 
data  on  this  species  in  Yellowstone  Lake 
and  tributary  waters.  Since  the  cut- 
throat has  received  relatively  little  atten- 
tion in  the  past  by  students  of  trout 
biology,  the  present  paper  brings  together 
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mortality  information  gathered  from  the 
Yellowstone  study  so  that  the  biology  of 
this  important  sport  fish  of  western  North 
America  can  be  better  understood.  Em- 
phasis is  placed  on  mortalities  of  trout 
eggs  in  the  gravel,  of  alevins,  of  fry  and 
fingerlings  in  streams,  and  of  adults  in 
spawning  runs  in  streams,  and  on  fishing 
and  natural  mortality  of  adults  in  Yellow- 
stone Lake  after  their  return  to  the  lake 
from  spawning  in  the  streams. 

Information  pertaining  to  the  fish  and 
fisheries  of  Yellowstone  Lake  dates  from 
the  survey  of  David  Starr  Jordan  in  1889 
(Jordan,  1891).  Several  years  later  a 
more  comprehensive  description  of  the 
fish  species  of  the  Yellowstone  area  was 
published  (Evermann,  1893).  Some  de- 
lay was  experienced  before  additional 
literature  appeared  concerning  the  fishes 
of  the  park,  particularly  Yellowstone 
Lake  (Kendall,  1915;  Smith  and  Kendall, 
1921;  Simon,  1953). 

A  parasitic  tapeworm  common  among 
the  trout  of  Yellowstone  Lake  was  first 
described  by  Leidy  (Hayden,  1871). 
Hayden  himself  remarked  in  this  report 
(p.  97)  "We  are  able  to  discover  but  one 
species  of  fish  in  the  lake  (Yellowstone) : 
and  that  was  trout,  weighing  from  two  to 
four  pounds  each.  Most  of  them  are  in- 
fested with  a  peculiar  intestinal  worm 
which  has  been  described  by  Dr.  Leidy  in 
a  subsequent  portion  of  this  report,  under 
the   name   Dibothrium   cordiceps."     Later 
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additional  material  concerning  the  anat- 
omy and  life  history  of  D.  cordiceps  was 
compiled  (Linton,  1891a;  Linton,  1891b; 
Woodbury,  1934;  2  Bangham,  1951).  An 
import  ant  study  dealing  with  this  tape- 
worm and  its  relation  to  one  of  its  hosts, 
the  white  pelican  (Pelecanus  erythrorhyn- 
chus),  and  which  included  a  quantitative 
evaluation  of  predation  by  pelicans  on  the 
trout  of  Yellowstone  Lake  was  completed 
by  Ward  (1922  3).  Several  articles  have 
been  devoted  to  the  white  pelican  not 
only  because  of  its  predator-prey  rela- 
tion to  the  cutthroat  trout,  but  also  be- 
cause of  the  very  important  aesthetic 
niche  the  bird  fills  in  the  park  (Grinnell, 
1876;  Skinner,  1925;  Thompson,  1932). 

Within  recent  years  several  papers  on 
changes  in  the  fishery  at  Yellowstone  Lake 
have  been  published  (Moore,  Cope,  and 
Beckwith,  1952;  Cope,  1957).  The  bi- 
ology of  the  cutthroat  of  Yellowstone 
Lake  has  been  studied  by  Brown  and 
Bailey  (1952),  Laakso  (1955, 1956),  Laakso 
and  Cope  (1956),  Cope  (1953a,  1953b, 
1956,  1957a,  1957b),  and  Ball  (1955). 

The  authors  are  grateful  to  the  National 
Park  Service  for  cooperation  throughout 
this  study.  The  Yellowstone  Park  Com- 
pany extended  the  assistance  of  its  Boat 
Division  in  the  compilation  of  creel-census 
data  and  reporting  tagged  fish  caught. 
The  late  William  A.  Dunn,  Superintend- 
ent, U.S.  Fishery  Station  at  Yellowstone 
Lake,  gave  considerable  assistance  to  our 
staff.  Many  field  biologists  should  be 
thanked  for  their  contributions  to  the 
tagging  program.  Several  research  bi- 
ologists including  Martin  Laakso,  R.  A. 
Fredin,  Theodore  Widrig,  W.  F.  Carbine, 
Ross  V.  Bulkley,  and  Drs.  Ralph  Hile 
James  W.  Moffett,  and  Norman  G. 
Benson,  have  critically  read  the  manu- 
script. 


2  Woodbury,  L.  A.,  Parasites  and  diseases  of  the  trout  of 
Yellowstone  Lake  (Salmo  lewisi),  Master  of  Science  thesis, 
University  of  Utah,  1934,  60  pages. 

3  Ward,  H.  B.,  The  pelicans  of  Yellowstone  Lake.  Man- 
uscript prepared  for  U.S.  Bureau  of  Fisheries  in  cooperation  with 
the  U.S.  National  Park  Service,  1922,  20  pages. 


BACKGROUND  MATERIAL 

Yellowstone  Lake  and  tributaries 

Weather  conditions  in  the  Yellowstone 
Lake  area  range  from  severe  winters  with 
abundant  snowfall  and  subzero  tempera- 
tures to  mild,  pleasant  summers.  Winter 
usually  begins  in  September  or  October 
and  extends  through  May.  Snow  cover 
on  the  level  may  reach  a  depth  of  more 
than  6  feet.  The  lake  usually  freezes 
over  in  the  fall  and  remains  ice-covered 
until  the  last  of  May  or  early  June.  These 
rigorous  physical  conditions  influence  the 
seasonal  productivity  of  the  lake  and  the 
biology  of  the  fish. 

Yellowstone  Lake,  elevation  7,500  feet, 
has  a  surface  area  of  about  90,000  acres 
and  a  shoreline  of  nearly  100  miles  (fig.  1). 
Maximum  recorded  depth  is  325  feet. 
The  lake  has  14  major  and  26  minor 
tributary  streams. 

The  principal  tributaries  used  for 
spawning  are  Pelican,  Clear,  and  Cub 
Creeks  in  the  northern  section,  Columbine 
and  Beaverdam  Creeks  and  the  upper 
Yellowstone  River  in  the  Southeast  Arm, 
Chipmunk  and  Grouse  Creeks  in  the 
South  Arm,  and  Arnica  and  Solution 
Creeks  in  West  Thumb.  The  lower 
Yellowstone  River  drains  from  the  north 
end  of  the  lake.  Fifteen  miles  below 
the  outlet  of  the  lake  is  a  waterfall  which 
is  a  fish  barrier. 

The  stream  studies  in  this  paper  are 
based  on  five  streams,  which  are  briefly 
described  here. 

Arnica  Creek  drains  approximately  20 
square  miles  and  is  5.8  miles  long.4  It 
is  the  smallest  tributary  on  which  exten- 
sive tagging  took  place.  The  water  flow 
at  the  trap  during  the  summer,  while 
normally  5  to  7  cubic  feet  per  second,  has 
surpassed  20  c.f.s.  during  spring  floods. 
Warm  springs  are  largely  the  cause  of 
moderately    high    stream    temperatures. 

Pelican  Creek,  with  almost  100  miles 
of  stream,  is  the  largest  tributary  at  which 

*  Welsh,  James  P.  A  population  study  of  Yellowstone  black- 
spotted  trout  (Salmo clarkii  lewisi  Girard).  Ph.  D.  dissertation, 
Stanford  University,  1952.    180  pp. 


falls 


YELLOWSTONE 


RIVER 


cascades 


PELICAN   CR. 


OW STONE    \^^Cub    Cr. 

CLEAR    CR. 


Columbine    Cr. 


Be  aver  dam  Cr. 

Upper 
Yellowstone 
CHIPMUNK  CR.  River 

Figure  1. — Yellowstone  Lake  and  Yellowstone  River,  with  principal  tributaries. 


tagging  occurred.  The  drainage  area  is 
about  60  square  miles.  The  water  flow 
was  measured  at  37  c.f.s.  during  low 
water  in  the  fall  of  1953,  but  has  exceeded 
1,000  c.f.s.  during  June  in  some  years. 
Numerous  warm  springs  and  several  geyser 
basins  in  this  watershed  generally  re- 
strict spawning  to  areas  least  under  the 


influence  of  warm  mineralized  water. 
Clear  Creek  on  the  east  shore  of  Yellow- 
stone Lake  includes  a  total  of  approxi- 
mately 24  stream  miles.  The  water  flow 
at  the  trap  was  20  c.f.s.  in  the  middle  of 
August,  1953.  The  stream  has  few  warm 
springs  and  aquatic  conditions  appealed 
to  be  most  ideal  throughout  the  summer. 


Spawning  gravel  is  well  distributed 
throughout  the  watercourse. 

Chipmunk  Creek  has  almost  22  miles 
of  stream  accessible  to  fish.  Midsummer 
water  flow  at  the  trap  has  usually  averaged 
around  26  c.f.s.  Most  of  the  spawning 
beds  are  in  the  lowest  9  miles  of  the 
stream  and  in  its  several  tributaries. 

Grouse  Creek  and  its  tributaries,  drain- 
ing about  12  square  miles,  is  more  than  9 
miles  long.  By  early  fall,  the  water  flow 
near  the  mouth  was  normally  about  13 
c.f.s.  Only  the  lower  3  miles  are  utilized 
to  any  extent  for  spawning.  Hot  mineral 
spring  activity  which  influences  Arnica 
and  Pelican  Creeks  so  markedly  is  lack- 
ing in  the  tributaries  to  the  South  Arm. 

The  weekly  averages  of  daily  maximum 
temperatures  from  thermograph  records 
are  available  for  Arnica,  Pelican,  Grouse, 
and  Chipmunk  Creeks.  Table  1  shows 
temperature  patterns  at  trap  locations, 
expressed  as  mean  maximum  weekly  tem- 
peratures. These  data  describe  the  his- 
torical high  stream  temperature  for  each 
week  during  the  spring  and  summer 
spawning  period.  Arnica  Creek  had  the 
highest  average  seasonal  temperature  of 
the  streams  studied,  and  warmed  up  most 
rapidly  in  the  spring.  However,  Pelican 
Creek    attained    higher    average    weekly 

Table  1. — Mean  maximum  weekly  temperatures 
from  thermograph  records  in  four  streams  tribu- 
tary to  Yellowstone  Lake 

[In  degrees  Fahrenheit] 


Time  of  season 

Arnica 
Creek 
1950-53 

Pelican 
Creek 
1950-53 

Grouse 
Creek 
1951 

Chip- 
munk 
Creek 
1950-51 

43 
48 
49 
53 
53 
57 
60 
60 

64 
67 
66 
65 
63 
64 
65 

60 
61 

47 
43 
45 
50 
49 
50 
61 
52 
59 
63 
65 
68 
68 
65 
67 
67 
64 
63 
57 

May  11-17 

May  18-24 

May  25-31 

46 
44 
50 
49 
54 
54 
60 
61 
61 
58 
55 

46 
53 
51 
56 
55 
62 
62 
61 
60 
61 

June  29-July  5 

July  6-12 

July  27-Aug.  2 

Aug.  17-23 

Aug.  31-Sept.  6 

Seasonal  mean. 

59.2 

57.5 

54.0 

53.8 

temperatures.  Water  temperatures  in 
Grouse  and  Chipmunk  Creeks  were  lower 
than  in  Arnica  and  Pelican  Creeks. 
Records  for  1953  and  1954  (not  given  in 
table)  indicate  that  temperatures  in  Clear 
Creek  were  similar  to  those  of  Grouse  and 
Chipmunk  Creeks.  Marked  diurnal  fluc- 
tuations in  water  temperatures  are  char- 
acteristic of  the  tributaries  to  Yellowstone 
Lake. 

Fish  hatchery  operations 

A  fish  hatchery  at  Yellowstone  Lake 
was  operated  from  the  early  1930's  to  1953. 
The  hatchery  maintained  fish  traps  near 
the  mouths  of  Pelican,  Cub,  Clear,  Chip- 
munk, and  Grouse  Creeks,  and  obtained 
eggs  from  wild  spawners  as  they  ascended 
the  streams  in  late  spring  and  early  sum- 
mer. Eggs  were  taken  from  some  fish  in 
each  stream,  and  the  rest  of  the  fish  were 
allowed  to  ascend  the  streams  to  repro- 
duce naturally.  Most  of  the  eyed  eggs 
from  the  Yellowstone  hatchery  were  ship- 
ped out  of  the  park  to  State  and  Federal 
fish  hatcheries  for  rearing  and  planting  in 
other  areas.  The  remainder  was  returned 
to  Yellowstone  Lake  and  other  waters 
within  the  park. 

The  fish  fauna 

The  cutthroat  trout  is  the  only  game 
fish  in  Yellowstone  Lake.  It  is  the  most 
abundant  fish  in  this  water,  and  ranges 
widely.  This  trout  spawns  in  most  of  the 
streams  tributary  to  the  lake,  inhabits  all 
sections  of  the  lake,  and  ranges  down- 
stream in  the  Yellowstone  River.  Below 
the  falls  in  Yellowstone  River  the  cut- 
throat is  found  with  other  species  of  trout. 

The  longnose  sucker,  Catostomus  cato- 
stomus  (Forster),  is  found  in  Yellowstone 
Lake  and  is  occasionally  taken  by  anglers 
in  the  northeast  section  of  the  lake,  in 
shallow  water.  Spawning  runs  enter  Pel- 
ican Creek  regularly,  and  records  indicate 
that  other  streams  are  occasionally  used 
by  this  species. 

Two  cyprinids,  the  longnose  dace,  Rhi- 
nichthys  cataractae  (Valenciennes),  and  the 


smallfin  redside  shiner,  Richardsonius 
balteatus  hydrophlox  (Cope),  also  occur  in 
this  drainage. 

Spawning  runs 

Spawning  of  cutthroat  trout  takes  place 
during  late  spring  and  early  summer,  some- 
what later  in  the  year  than  the  spawning 
of  most  cutthroat  populations  in  surround- 
ing Rocky  Mountain  waters.  After  as- 
cending from  the  lake,  adults  usually  spend 
2  or  3  weeks  in  the  stream.  During  this 
time  they  participate  in  the  upstream  mi- 
gration, nest  building,  spawning,  and  the 
downstream  migration.  Adults  that  sur- 
vive spawning  move  back  into  the  lake. 
Yolk-sac  fry  emerge  from  the  gravel  in  the 
summer  or  early  fall.  Most  fry  begin  a 
downstream  movement  immediately  and 
spend  their  first  winter  in  the  lake.  Others 
remain  in  the  streams  and  first  enter  the 
lake  as  fingerlings  in  the  following  summer. 
A  few  may  continue  stream  residence  still 
another  year,  but  no  evidence  suggests  that 
trout  mature  in  the  tributary  streams 
rather  than  in  the  lake  or  lower  Yellow- 
stone River.  These  trout  become  sexu- 
ally mature  for  the  first  time  as  3-  or  4- 
year-old  fish. 

In  the  present  paper  the  term  "yolk-sac 
fry"  is  used  for  immature  fish  whose  yolk- 
sac  has  not  yet  been  absorbed;  "fry"  are 
immature  fish  1  inch  or  less  in  length  which 
have  absorbed  their  yolk-sacs;  "finger- 
lings"  are  immature  fish  from  1  to  5  inches 
in  length. 


Spawners  entering  the  streams  where 
traps  are  in  operation  have  been  counted 
from  1944  to  the  present.  The  average 
numbers  of  spawners  appearing  in  the  var- 
ious streams  are  arranged  in  table  2  by  2- 
week  periods.  Some  streams  support  ear- 
lier runs  than  do  others  (Cope,  1957),  Ar- 
nica Creek  having  the  earliest  spawning 
run  and  the  warmest  water  in  the  late 
spring.  Moreover,  Arnica  Creek  post- 
spawners  (adult  fish  that  have  spawned, 
survived,  and  are  moving  toward  or  have 
reentered  the  lake)  are  caught  by  fisher- 
men in  great  numbers  earlier  than  those 
from  other  streams.  For  each  stream,  a 
close  relation  exists  between  temperature 
characteristics  (table  1),  movements  of 
spawners  into  the  stream  (table  2),  and 
subsequent  entry  of  spent  fish  into  the 
lake  sport  fishery  (appendix  table  8). 

Table  3  contains  sex-ratio  information 
from  the  spawning  runs  and  the  catch. 

The  sport  fishery 

The  fishing  season  extends  from  June  15 
(May  30,  before  1953)  to  October  15  for 
the  lake,  and  from  July  1  to  October  15 
for  the  Yellowstone  River  from  Fishing 
Bridge  downstream  to  the  falls.  Fishing 
is  not  permitted  in  the  tributary  streams 
while  spawning  is  in  progress,  but  an 
overlap  in  time  exists  between  the  begin- 
ning of  lake  and  river  fishing  and  the  end 
of  the  spawning  runs  (table  2).  A 
creel  census  conducted  by  the  Fish  and 
Wildlife  Service  has  divided  the  fishery 


Table  2. — Cutthroat  trout  entering  spawning  runs,  expressed  as  biweekly  percentages  of  average  spawning 

runs 


Time  of  season 


May  4-17 __ 

May  18-31 

June  1-14 

June  15-28 

June  29-July  12 _._ 

July  13-26 

July  27-Aug.  9 

Aug  10-23 

Aug.  24-Sept.  6 _ 

Sept.  7-13 

Average  number  of  fish  in  spawning  run 

Average  duration  of  run days 


Arnica 
Creek 
1950-53 


4.5 
23.3 
35. 9 

17.0 


Pelican 
Creek 
1949-53 


Chipmunk 
Creek 
1949-53 


19.5 
27.4 
33.4 
15.9 


Grouse 
Creek 
1951-53 


Clear 
Creek 
1953 


22.6 
27.6 
12.2 


595877   O  -62  ■ 


Table  3  —Ratios  of  females  to  males  in  spawning  runs  of  cutthroat  trout  from  Yellowstone  Lake  and  in 

the  catch 

1\  SPAWNING  RUNS 


Stream 

1945 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

Stream 
average 

1.50 
1.66 
1.36 
1.27 
1.50 
1.61 

1.63 
1.70 
1.12 
1.09 

1.76 
1.00 
1.20 
1.17 
1.18 
1.36 

1.37 
2.00 
1.89 
1.47 
1.57 
1.37 

1.56 

2.06 
1.39 
1.24 
1.65 
1.45 

1.27 
1.95 
2.03 
1.59 
1.18 

1.68 

1.19 
1.22 
1.32 
1.28 

i.80 
1.08 
1.30 
1.74 
1.05 

1.62 
1.52 

""l.~38" 
1.59 

1.64 
1.36 
1.40 
1.48 
1.40 

GroOSi                          

1.55 

1.61 

1.34 

1.41 

1.55 

1.52 

1.25 

1.18 

1.73 

1.47 

IN  CATCH 

1950 

1951 

1952 

1953 

Lake  average 

0.72 
1.21 

1.20 
1.83 

1.56 
1.58 

1.60 
3.21 

1.29 
1.95 

West  Thumb - - 

.99 

1.51 

1.57 

2.24 

1.62 

into  several  natural  components  with 
respect  to  type  and  area  of  fishing  (Moore, 
Cope,  and  Beckwith,  1952;  Cope,  1957a). 
This  division  includes  angling  from  the 
West  Thumb,  Lake,  and  Fishing  Bridge 
guideboats  and  rental  rowboats,  landings 
from  the  private  cruisers  and  private 
rowboats,  the  shoreline  and  river  fishing, 
and  the  famous  Fishing  Bridge  fishery. 
The  area  covered  by  the  shoreline  fishery 
is  largely  controlled  by  the  road  which 
parallels  the  lakeshore  from  West  Thumb 
to  Cub  Creek  via  Fishing  Bridge.  The 
section  around  Fishing  Bridge,  which 
spans  the  river  at  its  outlet  from  the  lake, 
is  fished  more  heavily  than  any  other 
location  (Cope,  1957a).  Tourist  accommo- 
dations are  largely  centered  in  this  area. 
Boat  docks  at  Fishing  Bridge,  the  Lake 
Hotel,  and  West  Thumb  offer  rental 
rowboats  and  guideboats,  and  have  facil- 
ities for  the  launching  of  private  craft. 
The  inaccessible  southern  half  of  the  lake 
receives  light  fishing  pressure  from  the 
cruisers  and  guideboats.  West  Thumb 
is  moderately  fished  by  shoreline  and  boat 
fishermen.  The  central  part  of  Yellow- 
stone Lake  is  not  heavily  fished.  The 
locations  of  boat  docks,  access  roads,  and 


tourist  accommodations  are  largely  the 
cause  of  the  unequal  distribution  of 
fishing. 

From  1950  through  1957  the  total  catch 
estimate  for  Yellowstone  Lake  averaged 
284,813  fish  per  year  (table  4).  Total 
harvest  for  the  Yellowstone  River  aver- 
aged 25,964  per  year  from  1951  to  1957. 
The  seasonal  distribution  of  catches  in 
units  of  the  fishery  appear  in  table  5,  and 
the  average  contribution  of  each  com- 
ponent of  the  creel  census  is  summarized 
in  table  6.  The  Fishing  Bridge  fishery 
accounted  for  less  than  3  percent  of  the 
total  average  catch  from  the  lake;  private 
rowboats  and  the  shoreline  fishery  were 
the   most   successful. 


Table  4  —  Total  catch  estii7iates  for   Yellowstone 
Lake  and  River,  1950-57 

[In  number  of  fish] 


Year 

Lake 

River 

Total 

1950            

200. 015 
208,  255 
245,  277 
195,  873 
215,  933 
286,  056 
290,  221 
301, 155 

0) 

19.729 
20,603 
27. 932 
35.  912 
63,  701 
21,907 
41, 961 

0) 

1951 

227, 984 

1952 

265,880 

1953 - 

223,  805 

1954 

251,  845 

1955 

349,  757 

1956                  

312, 128 

1957..             

343, 116 

i  No  river  census  taken  in  1950. 


Table  5.- 


-Catches  in  various  fisheries  for  certain  years  during  tagging  operations,  expressed  as  per- 
centages of  average  catch  for  each  fishery 


Dates 


West  Thumb 

guideboats  and 

rowboats 

1950-53 


Shoreline 
1951-53 


Fishing  Bridge- 
Lake  Dock 
guideboats  and 
rowboats 
1950-53 


Fishing  Bridge 
1951-53 


Yellowstone 
River 
1951-53 


June  1-14 

June  15-28 

June  29-July  12 

July  13-26 

July27-Aug9.. 

Aug.  10-23 

Aug.  24-Sept.  6 
Sept.  7-13 

Average  catch. 


4.4 
11.0 
17.7 
20.1 
19.8 
19.7 

7.1 
.2 


10.6 

25.7 

24.5 

21.4 

8.3 

7.9 

1.2 

.4 


3.0 
9.6 
22.7 
21.1 
17.8 
15.2 
8.6 
2.0 


25,058 


63,919 


48,  620 


38.9 

34.8 

14.4 

7.5 

3.9 

.5 


6,158 


29.3 
29.0 
14.0 
13.8 
12.4 
1.8 


22,755 


Table  6. — Average  annual  contribution  of  each 
component  of  the  Yellowstone  Lake  fishery  as 
determined  by  creel  census  from  1950  to  1955 


Fishery 

Percentage  of 

average  lake 

catch 

Rental  row  boats: 

11.4 

West  Thumb       - 

9.2 

Guideboats: 

Fishing  Bridge-Lake  Dock 

11.5 

West  Thumb                 

2.6 

Private  boats: 

27.8 

4.5 

30.1 

Fishing  Bridge - --- 

2.9 

METHODS 

Nest  and  fry  mortality 

A  study  designed  to  estimate  mortality 
of  cutthroat  trout  eggs  in  the  nest,  and  the 
average  number  of  fry  produced  per  nest, 
was  made  at  Arnica  Creek  from  1951 
through  1953.  Mortality  with  respect  to 
time  through  the  end  of  the  incubation 
period  (terminal  mortality)  was  measured. 
Observation  of  spawning  activities  of 
adults  permitted  the  ^identification  of 
individual  nests.  A  total  of  58  redds  was 
marked  and  carefully  excavated  at  periods 
of  time  varying  from  4  to  32  days  following 
deposition.  The  eggs  were  collected  in  a 
wire  screen  at  a  point  immediately  down- 
stream from  the  nest.  The  total  oumber 
of  dead  and  viable  eggs  in  each  nest  was 
determined  by  count.  Live  eggs  that  had 
been  damaged  and  killed  as  the  result  of 
digging  could  readily  be  identified  when 
compared  with  normally  deceased  ova. 


At  the  onset  of  hatching  in  Arnica 
Creek,  fine-mesh  screens  were  installed 
in  the  traps  and  on  the  racks  to  lead  the 
downstream-migrating  fry  and  fingerlings 
into  the  trap.  These  small  fish  were 
counted,  measured,  and  released  down- 
stream. The  trap  was  removed  in  late 
September,  when  a  visual  stream  survey 
was  made  upstream  to  estimate  the  total 
number  of  fish  of  each  size  group  remain- 
ing in  the  stream.  The  sum  of  the  sea- 
sonal trap  count  and  of  those  estimated  to 
be  remaining  in  the  stream  gave  a  measure 
of  survival  through  the  summer.  The 
numerical  difference  between  the  calcu- 
lated hatch  of  yolk-sac  fry  and  the  esti- 
mate of  fish  of  the  year  alive  in  September 
has  been  termed  "fry  mortality",  and 
covers  the  time  from  hatching  (June- 
July)  to  the  end  of  the  summer  (Septem- 
ber-October). The  egg  potential  was 
obtained  by  multiplying  the  number  of 
females  entering  the  stream  by  the  average 

fecundity  figure  given  by  Welsh  (11 

and  assumes  complete  deposition.  To 
compensate    for    the   action    of   predators, 

scavengers,  and  other  sources  of  mortality 
that  deprive  the  spawning  run  of  its  full 
egg  potential,   the  highest    nest    mortality 

figure,  76  percent,  rather  than  an  av< 

or    minimum    was    used     to    compute    the 

hatch  of  yolk-sac  fry. 


■  Welsh,  J.  P.,  \  population  study  of  Yelloi 

trout    s,j!moclaTkiilrui.<ir,uM<\<     Ph  D.  dl 
University,  1983,  120  pp 


Tagsing  of  adults 

The  fish  traps  in  Pelican,  Clear,  Chip- 
munk, and  Grouse  Creeks  have  been 
operated  for  many  years  to  collect  eggs 
for  fish-cultural  purposes.  Beginning  in 
1949  some  spawn ers  were  tagged  and  then 
released  upstream  for  natural  reproduction. 
This  program  continued  through  1953. 
A  constant  proportion  for  each  stream  (1 
in  3,  1  in  7,  etc.)  was  tagged,  depending 
mainly  upon  the  anticipated  number  in 
the  run.  Some  tags  were  applied  to 
adult  fish  at  Pelican  and  Chipmunk  Creeks 
in  1950  after  the  spawn  had  been  taken  by 
hatchery  men.  After  tagging,  the  fish 
were  placed  immediately  upstream  of  the 
trap,  a  standard  technique  employed  by 
the  Yellowstone  hatchery  employees. 

A  new  method  of  estimating  stream 
mortality  was  introduced  in  1953.  This 
procedure  involved  the  tagging  of  post- 
spawners,  as  well  as  prespawners.  Be- 
cause downstream  traps  were  lacking  at 
some  wiers,  seines  and  electric  shockers 
were  used  in  some  streams  to  obtain  the 
spent  adults. 

Arnica  Creek  (fig.  1)  was  established 
in  1950  as  an  experimental  stream  for 
the  study  of  natural  spawning.  A  com- 
bination upstream-downstream  trap  was 
constructed  near  the  mouth  to  obtain 
total  counts  of  upstream  nnd  downstream 
migrants.  In  the  first  year,  spring  flood- 
waters  undercut  the  apron  and  rendered 
the  upstream  trap  only  partially  effective. 
Later  in  the  season  the  lake  level  rose  and 
inundated  the  structure,  allowing  both 
downstream  and  upstream  escapement. 
In  1951,  all  prespawners  were  caught  in 
the  upstream  trap,  but  later  the  level  of 
the  lake  rose  again,  flooded  the  trap,  and 
allowed  some  fish  to  escape  downstream. 

The  Arnica  Creek  trap  was  moved 
farther  upstream  in  1952  to  eliminate 
further  flooding.  Again,  spring  floods 
and  early  summer  rains  interfered  to  allow 
a  considerable  portion  of  the  downstream 
run  to  bypass  the  structure,  but  the  up- 
stream run  was  enumerated  completely, 


as  in  1951.  No  serious  difficulties  were 
experienced  in  1953,  and  complete  counts 
were  made  of  upstream  and  downstream 
migrants. 

Postspawners  were  tagged  at  Arnica 
Creek  in  1953  as  a  new  method  of  esti- 
mating spawning  mortality.  The  total 
trap  counts  this  year,  which  gave  an 
absolute  measure  of  spawning  mortality, 
afforded  a  check  on  the  estimate  gained  by 
the  upstream-downstream  tagging  method. 

Beaverdam  Creek  and  a  few  smaller 
tributaries  in  the  Southeast  Arm  were 
included  in  the  tagging  operations  of  1952. 
Small  portable  traps  were  used  at  these 
locations,  and  only  a  limited  number  of 
prespawners  were  captured  and  tagged. 
Since  few  fisherman  frequent  this  area,  the 
return  of  tags  from  the  fishery  was 
negligible.  These  data  are  not  considered 
in  the  present  paper. 

The  fish  were  obtained  at  random  from 
the  traps  and  were  anesthetized  in  chlore- 
tone  (chlorobutanol)  or  urethane  (ethyl 
carbamate) .  Although  both  rendered  the 
trout  immobile  for  tagging,  urethane 
proved  to  be  more  desirable  (Cope,  1953b). 
Best  results  were  obtained  with  a  0.25  to 
0.30  percent  solution  of  urethane  within 
a  temperature  range  of  48°  to  52°  F.  At 
lower  temperatures  the  fish  were  affected 
so  slowly  that  they  injured  themselves  by 
excessive  activity  in  the  holding  tank. 
This  slow  reaction  also  reduced  the  rate 
at  which  the  fish  could  be  handled.  At 
higher  temperatures  the  fish  were  affected 
so  quickly  that  under  continued  exposure 
some  were  injured  or  even  killed.  Because 
of  this  effect  and  during  the  latter  part 
of  the  spawning  runs  (table  2),  tagging 
was  limited  to  the  early  part  of  the 
morning,  when  water  temperatures  were 
within  this  favorable  range. 

Anesthetized  fish  were  tagged,  measured 
and  weighed,  and  scale  samples  were 
taken.  The  tagged  trout  were  then  placed 
in  live  boxes  until  complete  and  normal 
recovery  was  indicated.  Mortality  im- 
mediately attributable  to  tagging  and 
handling  was  negligible. 


When  postspawners  were  later  recap- 
tured in  the  downstream  trap  or  caught 
during  sampling  of  the  spawning  popu- 
lation in  the  stream  adjacent  to  the  trap, 
they  were  again  weighed,  their  tags  were 
checked  and  adjusted  if  necessary,  and. 
they  were  released.  This  second  capture 
permitted  the  study  of  weight  loss  and 
length  of  time  spent  in  the  stream  during 
spawning.  A  number  of  adults  were 
tagged  in  Pelican  and  Chipmunk  Creeks 
in  1950  after  having  been  spawned  by 
fish  culturists.  These  fish  were  released 
upstream  and  some  were  recaptured 
through  stream  sampling.  This  proce- 
dure yielded  comparisons  between  those 
fish  reproducing  naturally  and  those  arti- 
fically  spawned  for  spawning  mortality, 
weight  loss  from  spawning,  and  time 
spent  in  the  stream. 

Fish  caught  in  a  trap  net  fished  in  the 
lake  about  1  mile  south  of  Fishing  Bridge 
were  tagged  in  1952  and  1953.  The 
tagged  trout  were  released  in  the  area  of 
capture. 

From  1951  through  1953,  adult  cut- 
throat were  tagged  at  the  Cascades  of  the 
Yellowstone  River,  approximately  5  miles 
downstream  from  Fishing  Bridge.  The 
fish  were  obtained  from  a  pool  in  the  Cas- 
cades where  they  congregated  while  mov- 
ing upstream.  Capture  was  made  by 
hand  dip  nets  and  electric  shockers,  and 
the  fish  were  treated  in  the  standard 
fashion  before  being  released.  Most  of 
those  taken  proved  to  be  prespawners. 

The  Petersen  disk  was  the  tag  used 
exclusively  throughout  this  study. 
Except  for  the  tags  used  in  1949,  an 
identification  was  carried  on  one  of  each 
pair  of  disks  (inked,  or  stamped,  or  printed 
numerals).  The  color  of  the  returned  tag 
established  the  place  of  tagging,  while  the 
mark  on  the  tag  identified  the  individual 
fish. 

Tags  were  recovered  from  several 
sources.  A  few  were  taken  from  dead  fish 
in  streams.  Most  of  the  tags  were  recovered 
on  a  semi  voluntary  basis  from  fishermen. 
Posters   were   placed   at   strategic   points 


around  Yellowstone  Lake  to  inform  the 
public  of  the  presence  of  tagged  fish  and 
the  need  for  their  return  by  the  fishermen. 
The  cooperation  of  boat-dock  employees 
and  fishing  guides  of  the  Yellowstone 
Park  Company  and  of  National  Park 
Service  employees  greatly  facilitated  the 
return  of  tags.  Many  tags  were  also 
recovered  annually  from  nests  at  the 
white-pelican  rookery  at  Molly  Island  in 
the  Southeast  Arm  (fig.  1).  The  peli- 
can is  the  principal  predator  on  the  cut- 
throat in  Yellowstone  Lake.  Upon  cap- 
turing a  marked  fish,  the  bird  may  return 
to  the  rookery  and  regurgitate  the  fish 
to  feed  the  young  pelicans,  or  may  deposit 
the  tag  on  the  island  in  fecal  material. 
Tags  were  recovered  by  searching  in  and 
around  the  nests. 

Visitors  to  Yellowstone  Park  were 
interviewed  in  1953  to  determine  the 
efficiency  of  the  semivoluntary  tag-return 
system.  Road  blocks  were  operated  once 
a  week  throughout  the  fishing  season  at 
strategic  locations  near  fishing  areas. 
Automobiles  were  temporarily  detained 
and  all  tourists  were  questioned  about 
their  fishing  at  Yellowstone  Lake.  A 
total  of  26,031  people  were  questioned 
between  June  21  and  September  6. 

Tag  return  areas 

Migration  of  postspawners  from  the 
tributaries  was  measured  from  the  distri- 
bution of  tag  returns  from  the  sport 
fishery.  The  lake  and  river  were  divided 
into  areas  delimited  by  geographical  or 
fishery  characteristics,  or  both.  These 
areas  are  indicated  in  figure  2,  with  perti- 
nent geographical  localities  that  are  con- 
cerned with  the  tag  return  results. 

The  Fishing  Bridge  area  is  at  the  outlet 
of  the  lake.  This  area  includes  Fishing 
Bridge  itself  and  extends  about  half  a  mile 
upstream  and  a  mile  downstream  from 
this  structure.  The  Yellowstone  River 
area  extends  from  the  lowermost  limit  of 
the  Fishing  Bridge  area  downstream  to  the 
upper  falls,  a  distance  of  about  14  miles. 
The   section   of   Yellowstone   Lake   lying' 
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Figure  2. — Yellowstone  Lake  and  River  fishing  areas  and  important  geographical  locations. 


north  of  a  line  from  Rock  Point  on  the 
west  shore  to  Elk  Point  on  the  east  is 
termed  the  northern  area.  The  part  of  the 
lake  to  the  west  of  a  north-south  line 
connecting  Rock  Point  and  Wolf  Point  is 
designated  the  West  Thumb  area.  The 
rest  of  the  lake  is  included  in  the  southern 
area,  which  incorporates  the  central  part 
of  the  lake  and  Flat  Mountain,  South,  and 
Southeast  Arms. 


Stream  mortality  of  adults 

Five  methods  of  determining  spawning 
mortality  wrere  considered  in  these  studies: 

1 .  Complete  upstream  and  downstream 
trap  counts  (Arnica  Creek,  1953). 

2.  Upstream  and  downstream  tagging 
(Arnica  Creek,  1953;  Chipmunk  Creek, 
1952-53;  Grouse  Creek,  1952-53). 

3.  Sampling  ratio,  the  downstream  sam- 
pling of  spawners   that   were   tagged  on 
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their  way  upstream  (Arnica  Creek,  1950- 
52;  Pelican  Creek,  1950;  Grouse  Creek, 
1951). 

4.  Assumed  fishing  mortality  (Pelican 
Creek,  1949;  Chipmunk  Creek,  1949). 

5.  Complete  count  of  dead  fish  in  the 
stream. 

The  complexity  and  variety  of  the 
sampling  procedures  necessitated  the  use 
of  these  several  methods  to  produce 
comparable  results.  The  following  nota- 
tions and  definitions  have  been  used  in 
the  analysis: 

T  Tags  applied  to  prespawners. 

t  Tags  applied  to  postspawners. 

Nu  total  adults  migrating  upstream 

(prespawners) . 

Nd  total     adults     migrating     down- 

stream (postspawners) . 

NT  total     number    of    prespawners 

tagged   iVT/week  =  tag    group. 

Nt  total    number    of    postspawners 

tagged  iV7/week=time    group. 

n(Td)  sample    of    NT   checked    down- 

stream through  trap  as  post- 
spawners n  (Td)  /week  =  time 
group. 

N(Td)  total    number    of    NT    checked 

downstream  through  trap  as 
postspawners  (full  availability 
to  the  fishery)  per  week  =  time 
group. 

(Tf)',(tf)  tags  returned  from  the  fishery. 

sm  number    of     deaths    in     stream 

(stream  mortality). 

fmi'  instantaneous    fishing    mortality 

(a  rate). 

fma'  seasonal     fishing     mortality     (a 

rate). 

sm'  stream    or    spawning    mortality 

(a  rate). 

lm'  natural  mortality  in  lake  (a  rate). 

s'  survival  (a  rate). 

SR  sampling  ratio  (a  factor). 

The  first  method  depends  upon  total 
upstream  and  downstream  counts  of 
spawning  run  fish.  Tagging  is  not 
involved.  Therefore,  the  equation  is  as 
follows: 

sm  =  Nu—Nd 

The  second  method  is  an  estimate1. 
Here,  the  downstream  migration  is  com- 
posed   of    some    fish    that    were    tagged 


during  upstream  movement  and  others 
that  were  not.  Untagged  fish  moving 
downstream  are  sampled  and  tagged  (/) 
and  released  downstream  to  enter  the 
fishery  in  mumbers  approximately  equal 
to  the  lakeward  migration  of  tagged  pre- 
spawners, n(Td),  in  each  sample.  The 
method  assumes  subsequent  equal  avail- 
ability in  the  lake  of  both  N(Td)  and  Nt, 
the  known  quantity.  Further,  we  assume 
total  availability  of  N't  to  the  fishery 
without  significant  delayed  mortality  due 
to  tagging  or  spawning.     Therefore: 

N(Td)     Nt 

(W     (tf) 


Solving  for  N(Td) 


N(Td) 


Ni(Tf) 
tf 


sm=NT-N(Td) 

Evidence  of  a  small  mortality  due  to 
tagging,  to  be  discussed  later,  tends  to 
violate  one  of  the  assumptions  upon 
which  this  method  is  based,  and  therefore 
limits  its  value  to  some  extent. 

The  third  method  uses  a  factor  termed 
the  "sampling  ratio,"  SR.  As  in  the 
upstream-downstream  tagging  method  of 
estimating  stream  mortality,  random 
sampling  of  the  downstream  migrants 
containing  T  is  involved.  Subsequently, 
the  tags  returned  from  the  fishery  are 
used  to  compute  the  total  downstream 
migration  and  the  spawning  mortality  in 
the  following  manner: 


SR= 


(Tf)  (not  present  in  n(Td)) 
(Tf)  (present  in  n(Td)) 


then 

SRXMTd)     (sampled)     =n(Td)     (not 
sampled,  escaped  downstream);  therefore, 

n(Td)    (sampled)      {  n(Td)    not    sampled) 
=N(Td) 


and 


sm  =  NT-N(T<h 
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Before  the  use  of  upstream-downstream 
tagging,  the  sampling  ratio  was  the  princi- 
pal method  of  estimating  spawning  mor- 
tality at  all  locations.  Sampling  took 
place  below  the  upstream  traps  to  ensure 
the  taking  of  fish  that  had  completed 
spawning.  Visual  inspection  of  fish  ob- 
tained aided  in  this  determination.  Hence, 
the  sampling  ratio  establishes  a  relation- 
ship between  the  number  of  fish  that 
escaped  sampling  and  those  that  were 
sampled.  Obviously,  the  downstream  col- 
lections must  include  a  large  enough  num- 
ber of  tagged  fish,  T,  so  that  the  fishery 
tag  returns  will  provide  a  reliable  ratio 
of  sampled  and  nonsampled  tags.  At 
Arnica  Creek  (1950-53)  the  downstream 
trap  which  operated  inefficiently  provided 
a  large  enough  weekly  sample  to  allow 
the  SR  to  be  applied  to  the  n(Td)  for  each 
time  period.  Following  this  procedure, 
if  the  SR  computed  from  week  to  week 
varied  significantly  within  the  season,  it 
was  applied  where  appropriate.  The 
N(Td)  for  the  season  would  then  be  equal 
to  the  summation  of  estimates  for  each 
time  period.  However,  where  the  variation 
of  the  sampling  ratio  was  small,  as  was  the 
case  in  1950  and  1951,  the  mean  SR  for 
the  season  was  applied  to  each  period's 
n(Td).  Postspawners  at  Arnica  Creek 
apparently  avoided  the  downstream  trap 
at  a  constant  rate  in  1950  and  1951  due 
to  early  flooding  by  spring  runoff  and, 
later,  by  the  rising  of  the  lake  level.  In 
1952,  hampered  only  by  the  excessive 
spring  runoff,  the  sampling  rate  varied. 
The  small  number  of  tags  sampled  at  other 
streams  restricted  the  application  of  the 
SR  to  only  the  total  number  of  n(Td) 
obtained  for  the  entire  season.  If  enough 
tags  are  obtained  in  the  downstream 
sampling  process,  then  both  methods  2  and 
3  may  be  simultaneously  employed. 

Because  identification  symbols  were 
lacking  on  the  tags  used  at  Pelican  and 
Chipmunk  Creeks  in  1949,  a  fourth 
method  of  estimating  stream  mortality 
was  employed.  The  more  reliable  data 
from  later  years'  tagging  for  any  single 


tributary  indicate  that  fishing  mortality 
for  postspawners  varies  less  from  year  to 
year  than  does  stream  mortality.  Assume, 
then,  that  the  fishing  mortality  for  each 
stream,  as  indicated  by  the  return  of  tags 
from  the  fishery,  is  similar  to  an  average 
estimate  obtained  from  the  more  accurate 
data  of  other  years.  In  order  to  approxi- 
mate the  number  of  tagged  fish  that  sur- 
vived spawning,  the  following  relationship 
must  be  established  where  (/m)a  is  an 
average  estimate  derived  from  data  of 
other  years : 

C/fii)tt      (Tf) 
100      N(Td) 


solving  for  N(Td) 


N(Td) 


jyxioo 


then 


(Jm)a 
sm=NT-N(Td) 


If  all  of  the  adults  that  died  during 
stream  residence  could  be  observed  by 
patrolling  the  spawning  grounds,  the 
tabulation  would  give  total  stream  mor- 
tality. This  method  has  been  used  in 
some  Pacific  salmon  studies.  However,  at 
Yellowstone,  because  of  the  sizes  of  the 
tributaries,  the  rapid  destruction  of  car- 
casses by  scavengers,  and  the  activities  of 
predators,  this  approach  did  not  give 
accurate  results  and  was  not  used. 

Mortality  in  the  lake 

The  determination  of  mortality  in  Yel- 
lowstone Lake  primarily  concerned  the 
postspawners  returned  to  the  lake  from 
tributaries.  Stream  mortality  estimates 
made  these  determinations  possible.  One 
method  for  mortality  determination  was 
used  for  trout  from  these  five  streams. 
Other  methods  were  necessary  for  fish 
tagged  at  the  Cascades  of  the  Yellowstone 
River  and  at  the  trap-net  site  on  Yellow- 
stone Lake.  At  these  locations  samples 
were  tagged  without  knowledge  of  the  nu- 
merical relation  to  the  population  they  rep- 
resented.    Furthermore,  fish  tagged  at  the 
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Cascades  and  at  the  trap  net  were  immedi- 
ately available  to  the  fishery,  if  fishing  was 
in  progress  at  the  time  of  tagging.  These 
factors  required  modification  of  the  meth- 
od used  for  mortality  estimates  for  trout 
from  the  tributary  streams. 

Much  of  the  basis  for  the  methods  and 
definitions  in  this  report  is  founded  on  the 
work  of  Graham  (1938).  In  dealing  with 
fishing  mortality,  he  defined  rate  of  fishing 
as  the  "  catch  in  a  moment  of  time  ex- 
pressed as  a  percentage  of  the  stock  at  that 
moment."  This  involves  the  concept  of 
instantaneity.  The  concept  of  fishing  in- 
tensity was  presented  in  terms  of  the  sum- 
mation effect  of  fishing  season  upon  a 
stock  of  fish. 

The  methods  developed  in  this  report 
deviate  in  detail,  but  not  in  principle,  from 
Graham's  trea  fcment .  The  influence  of  the 
fishery  upon  the  stock  of  available  tagged 
fish  is  here  termed  the  intensity  of  fish- 
ing. This  may  be  considered  from  two 
viewpoints,  the  instantaneous  (rate  of  fish- 
ing, (Jm)i)  and  seasonal  (fishing  mortality, 
(fm)a)  rates. 

The  rate  of  fishing  is  measured  in  rela- 
tion to  the  accumulation  of  tags  available 
to  the  fishery  (cumulative  availability) 
during  a  weekly  period  (time  period). 
The  fishery  tag  returns  during  that  period 
are  expressed  as  a  percentage  of  the  cumu- 
lative number  available.  While  Graham 
dealt  with  the  average  number  of  marked 
fish  available  during  a  unit  of  time,  we 
used,  instead,  the  total  number  of  avail- 
able fish  accumulated  to  the  end  of  the 
unit  of  time.  This  was  considered  to  be 
most  desirable,  since  tagging  and  escape- 
ment to  the  fishery  occurred  before  and 
during  the  most  intense  fishing  period. 
Also,  instead  of  treating  instantaneous 
mortality  in  terms  of  number  of  tags  lib- 
erated per  instant  of  time  and  simultane- 
ous relation  to  returns,  as  has  been  sug- 
gested by  Ricker  (1948),  the  analysis  was 
based  on  the  accumulation  of  tags  through- 
out the  summer  season,  notwithstanding 
limitations  imposed  by  concurrent,  natural 
mortality.     This  method  is  considered  to 


provide  a  more  accurate  measure  of  the 
effects  of  fishing  where  numbers  of  returns 
were  small.  The  rate  of  fishing,  therefore, 
may  best  be  defined  as  the  number  of 
tagged  fish  captured  by  fishermen  within  an 
instant  of  time  (weekly  period)  divided  by 
the  accumulated  available  tag  population 
tabulated  to  the  end  of  that  instant  of 
time. 

The  rate  of  fishing  may  also  be  expressed 
as  an  instantaneous  fishing  mortality  per 
100  fish  available  within  a  period  of  a  week. 
This  value  can  be  assumed  to  approach  the 
rate  of  exploitation  affecting  the  total 
available  fishable  population  within  the 
scope  of  tag  dispersion.  The  concurrent 
effect  of  natural  mortality  (the  rate  of 
which  has  not  been  determined)  cannot  be 
isolated  in  this  treatment;  therefore,  the 
resulting  errors  cannot  be  eliminated. 

Rate  of  fishing  is  also  presented  in  a 
slightly  different  light,  and  is  termed  "pe- 
riod fishing  returns"  or  "rate  of  tag  re- 
turn." This  method,  involving  a  slightly 
different  concept  of  time,  is  intended  to 
render  the  less  complete  data  comparable 
with  information  from  all  tagging  locations 
and  with  the  creel  census  catch  statistics. 
The  period  fishing  returns  relate  the  num- 
ber of  tags  identified  with  a  particular 
stream  or  area  returned  within  a  time  pe- 
riod to  the  season's  total  for  that  pop- 
ulation. The  statistic  is  expressed  as  a 
percentage  of  the  total  for  the  season. 

Seasonal  fishing  mortality  (jm)a  is 
treated  by  two  methods.  The  first  meth- 
od deals  with  the  survivors  of  an  upstream 
group  tagged  during  a  time  period  and 
with  the  subsequent  returns  from  the 
fishery.  This  requires  precise  data  in- 
volving tag  group  stream  mortality  rates 
for  each  time  period  and  has  been  used 
only  at  Arnica  Creek.  The  measure  is 
called  "tag  group  fishing  mortality."  It 
represents  the  relation  between  the  sur- 
vivors of  an  upstream  tag  group  processed 
within  a  time  period  and  the  subsequent 
returns  for  a  fishing  season.  Stream  mor- 
tality and  biology  are  intervening  variables 
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Figure  3. — Mortality  to  eggs  from  deposition  to  hatching. 


that    determine    group    availability    and 
catch. 

The  other  method  is  termed  "time 
group  fishing  mortality."  The  approach 
is  concerned  with  tags  actually  checked 
downstream  to  the  fishery  during  any 
given  time  period,  a  time  group,  and  the 
subsequent  fishery  returns  during  the  sea- 
son. Stream  mortality  and  biology  have 
been  eliminated  as  variables  because  this 
tag  unit  originates  during  each  week  as  a 
portion  of  the  downstream  migration.  It 
was  either  totally  enumerated  (Arnica, 
1953)  or  adequately  sampled  (Arnica, 
1 950-52) .  At  other  stream  locations  where 
downstream  sampling  was  inadequate, 
this  method  was  not  applicable.  At  the 
trap  net  and  Cascades,  the  tag  and  time 
group  are  synonymous,  since  the  fish  were 
immediately  available  to  the  fishery  at  the 
trap  net  and  were  practically  so  at  the 


Cascades.  When  considered  on  a  sea- 
sonal summary  basis,  both  methods  of 
evaluating  fishing  mortality  of  tag  groups 
or  time  groups  are  identical;  the  principal 
difference  between  these  two  methods  lies 
in  the  identification  of  the  tag  units. 

RESULTS 

^99/  fry,  and  fingerling  mortalities 

The  results  of  the  egg  mortality  meas- 
urements at  Arnica  Creek  (1950-53)  are 
summarized  in  table  7.  A  total  of  58  nests 
was  examined,  almost  equally  divided  be- 
tween 1952  and  1953.  Only  six  nests  were 
included  in  1951.  The  sampling  of  nests 
with  respect  to  time  was  accomplished 
in  proportion  to  the  intensity  of  spawning, 
as  much  as  possible.  Since  there  were 
no  discernible  differences  between  the  re- 
sults of  1952  and  those  of  1953,  all  data 
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Table  7. — Summary  of  egg  mortality  data,  Arnica  Creek,  1951-58 


Days  in  nest 

Development  events 

Average 

number  of 

eggs  and  fry 

Number 
of  nests 
sampled 

Number  of 
eggs 

Percent  dead 

Alive 

Dead 

Mean 

Range 

4                 

423 

283 
349 
354 
422 
410 
319 
229 
56 

7 
8 
8 
8 
10 
10 
7 
3 
3 

349 
215 
238 
211 
231 
152 
135 
57 
3 

74 
58 
111 
143 
191 
225 
184 
172 
161 

17.5 
24.0 
31.5 
40.4 
45.3 
54.9 
57.7 
75.1 

1. 3-30.  8 

8                              

5.  0-45.  7 

12                            

6.  6-40. 1 

16 

Eggs  become  eyed 

6. 9-100 

20                                  

9.  9-62.  2 

22-24                        

11.0-100 

26-28 

Hatching  starts _ 

4.5-100 

32 

63.  0-100 

36-40                           

Hatching  completed 

369 

58 

Table  8. — Summary  of  fry  mortality  data,  Arnica  Creek,  by 


,  1950-53 


Egg  potential 

Yolk-sac  fry  (25  percent  of  egg  potential) 

Number  of  fry  and  fingerlings.. 

Percentage  of  hatch 

Percentage  of  egg  potential 

Mortality  to  September  (percent  of  egg  potential) 


1950 

1951 

1952 

1953 

2,  578,  203 

3,  263,  436 

2,  485,  215 

2,  904,  768 

644,  551 

815,  859 

621, 304 

726, 192 

27,  712 

13,  488 

597 

4,384 

4.29 

1.65 

.09 

.60 

1.07 

.40 

.002 

.15 

98.93 

99.60 

99.97 

99.85 

Average 


2, 807, 905 

701, 976 

11,545 

1.64 

.40 


were  combined.  Figure  3  depicts  the 
mortality  rate  of  eggs  in  the  nest  and  is 
based  on  the  information  contained  in 
table  7.  The  terminal  nest  mortality 
ranged  from  a  minimum  of  60  to  a  max- 
imum of  75  percent.  To  compensate  for 
the  action  of  predators  and  other  mortality 
sources  that  deprive  the  spawning  run  of 
its  full  egg  potential,  the  apparent  max- 
imum nest  mortality,  rather  than  an  aver- 
age nest  mortality,  was  applied.  The 
results  depict  the  number  of  yolk-sac  fry 
estimated  to  have  hatched. 

Table  8  compares  each  year's  production 
of  yolk-sac  fry  in  Arnica  Creek  with  the 
estimated  number  of  immature  fish  sur- 
viving in  September.  The  difference  be- 
tween these  two  quantities  is  termed  fry 
mortality. 

The  average  nest  mortality  at  the  end 
of  the  first  4  days  was  17.5  percent. 
Thereafter,  the  average  mortality  in- 
creased at  the  rate  of  about  6  to  7  percent 
for  every  4  days  through  the  32nd  day  of 
incubation.  The  period  of  incubation 
here  includes  embryological  development 
to  hatching,  but  not  into  the  yolk-sac 
stage.  Based  on  the  presence  of  yolk-sac 
fry   in    the   gravel,    hatching   apparently 


began  during  the  period  from  the  28th 
through  the  3 2d  day  of  incubation.  As 
water  temperature  increased  through  the 
spawning  period,  time  required  for  incu- 
bation decreased. 

The  results  of  these  studies  indicate  an 
average  time-mortality  relation  which 
approximates  a  straight-line  function.  It 
might  be  expected  that  a  significant  de- 
crease in  the  mortality  rate  would  be 
detected  around  the  end  of  the  third  week 
in  the  nest.  At  that  time  the  delicate 
stage  of  embryonic  development  is  com- 
pleted and  the  eggs  become  eyed.  Incu- 
bation of  cutthroat  trout  eggs  at  the 
Yellowstone  hatchery  has  demonstrated 
that  such  a  decrease  is  the  rule  rather 
than  the  exception.  A  decrease  in  mor- 
tality rate  did  not  occur  in  the  Arnica 
Creek  studies.  However,  eggs  in  the 
hatchery  are  mechanically  jarred  (bumped) 
at  the  onset  of  the  eyed  stage.  This 
operation  is  intended  to  induce  an  imme- 
diate mortality  of  the  eggs  that  otherwise 
might  die  during  the  remainder  of  the 
incubation  period.  Hatchery-water  tem- 
peratures are  relatively  constant  without 
daily  or  seasonal  fluctuation,  and  provide 
a    stable    environment    throughout    the 
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developmental  period.  These  artificial 
conditions  are  not  duplicated  in  nature 
where  the  eggs  are  usually  not  mechan- 
ically disturbed  in  the  nest,  and  diurnal 
and  seasonal  temperature  variations  oc- 
cur. These  conditions  likely  contribute 
to  the  observed  uniform  mortality  rate  of 
eggs  in  nature. 

Extrapolation  of  the  mortality  curve 
(fig.  3)  to  the  zero  time  point,  which 
assumes  a  constant  mortality  rate  from 
egg  deposition,  suggests  an  initial  loss  of 
approximately  10  percent.  Other  sal- 
monid  nest  studies  (Briggs,  1953)  have 
shown  fertilization  to  have  efficiencies  of 
94-98  percent.  It  is  suggested  that  if  an 
initial  loss  of  10  percent  is  the  case  in  the 
present  studies,  it  may  be  attributable  to 
both  mechanical  injury  of  eggs  during 
spawning  and  lack  of  complete  egg 
fertilization.  Other  sources  of  egg  mor- 
tality that  may  operate  to  various  degrees 
throughout  incubation  include  high  water 
temperature,  disease,  redd  exposure  due 
to  lowering  of  water  level,  exposure  due 
to  superimposition,  invertebrate  preda- 
tion,  and  silting  of  the  redds. 

The  total  number  of  eggs  (dead  and 
alive)  uncovered  from  the  58  nests  in- 
volved in  this  study  amounted  to  21,398. 
Disregarding  deterioration  of  dead  eggs 
(Briggs,  1953),  the  average  number  of 
eggs  per  redd  was  369,  with  a  range  of  from 
229  to  423.  The  average  fecundity  of  the 
Arnica  Creek  spawners  in  1950  and  1951 
was  1,107  eggs  per  female,  with  the  smaller 
females  (290  mm.  or  less  in  length)  har- 
boring 898  eggs  and  the  largest  size  group 
having  1,296  eggs  per  female  (Welsh, 
1952).  Using  these  independent  averages, 
the  results  indicate  that  each  female  must 
prepare  three  nests  in  order  that  all  of  her 
eggs  be  deposited. 

After  hatching,  the  ensuing  mortality 
measurement  extends  from  the  yolk-sac 
stage  through  the  fry  and  fingerling  stages 
in  the  fall  of  the  year.  From  1950  through 
1953,  an  estimated  average  of  701,976 
yolk-sac  fry  were  produced  yearly  in 
Arnica  Creek  (table  8).     Subsequent  sur- 


vival of  fry  and  fingerlings  to  September 
varied  from  less  than  1  percent  (1952 
and  1953)  to  4.3  percent  (1950).  Con- 
siderable variation  from  year  to  year  is 
evident  and  should  be  expected  in  this 
production.  Of  the  4-year  total  of  46,181 
immature  fish  enumerated  in  September, 
60  percent  were  accounted  for  in  1950 
alone,  and  almost  90  percent  in  1950  and 
1951  combined.  As  a  rule,  1.6  percent  of 
the  yolk  fry  production,  or  0.41  percent  of 
the  egg  potential,  survived  through  the 
critical  summer  period.  This  amounts  to 
an  average  fry  sac  mortality  estimate  of 
98.4  percent  (95.7  to  99.9  percent). 
There  was  no  apparent  relation  between 
numbers  of  females  involved  in  natural 
reproduction  at  Arnica  Creek  from  1950  to 
1953  and  the  resulting  production  of  fry. 
Similar  negative  relations  have  been 
detected  in  several  salmon  populations 
(Barnaby,  1944;  Foerster,  1945). 

Other  studies  of  salmonid  survival  have 
also  noted  considerable  variation  between 
individual  nests  both  within  a  single 
sampling  area  and  from  year  to  year. 
Survival  for  the  Lahonton  cutthroat  trout 
(Salmo  clarki  henshawi)  from  the  egg  to  the 
fry  stage  (3  months  after  emergence  from 
the  gravel)  was  shown  to  be  16  to  17 
percent  in  1  year.  In  the  2  years  that 
followed,  survival  varied  from  0  to  6  per- 
cent (Smith,  1947).  Small  numbers  of 
nests  and  fry  were  used  in  these  tests.  In 
the  same  study,  the  survival  of  brook  trout 
(Salvelinus  fontinalis) ,  measured  from  egg 
deposition  in  November  to  the  following 
August,  ranged  from  3.6  to  42.4  percent 
and  averaged  16.4  percent  for  6  sampling 
units.  Briggs  (1953),  with  methods  sim- 
ilar to  those  used  at  Arnica  Creek,  found 
an  average  terminal  nest  mortality  of  35.1 
percent  for  steelhead  trout  eggs,  with  great 
variations  between  samples.  Compa- 
rable mortality  figures  for  king  salmon 
(Oncorhynchus  tschawytscha)  and  silver 
salmon  (O.  kisutch)  of  14.0  and  25.7  per- 
cent, respectively,  were  also  listed.  A 
tabulation  of  nest  mortalities  from  various 
studies  cited  in  the  reports  of  Briggs,  (1953) 
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Table  9. — Summary  of  salmonid  nest  mortality  data  from  Briggs  (1958),  Shapovalov  and  Taft  (1954), 

and  the  present  study 


Species 

Authority 

Number  of 

redds 

sampled 

Terminal  mortality 

Data  from  Briggs: 

Red  salmon 

Chamberlain  (1907). 

58 

1 

121 

Percent 
("two-thirds  in  good  condition") . 
21.0. 

White  (1930) 

Do                           

Hazzard  (1932)... 

19.2. 

Foerster  (1938)... 

30.0. 

Cramer  (1940). 

14 

1 

2 10 

95.2. 

White  (1942) 

22.0. 

Hunter  (1948) 

86.3. 

Hunter  (1948) 

96.8. 

Brown  and  rainbow  trout  and  king 

Hobbs  (1948) 

711 

8.6. 

salmon 
Data  from  Shapovalov  and  Taft: 

Silver  salmon 

Harrison  (1923) 

25.0. 

Do 

Carl  (1940).. 

46.3. 

Do . 

Shapovalov  and  Berrian  (1940) 

89.8  (heavy  silting) . 

Do 

Shaw  and  Maga  (1943) 

83.8  (some  silting). 

Do                       

Foerster  (1944) 

98.8     (artificially     introduced 

mining  silt). 
88.6. 

Shapovalov  (1937) 

88.2. 

69.6. 

74.0. 

74.4. 

60.0. 

59.9. 

83.7. 

71.2.  (silting). 

20.1  (no  silting). 

60-75. 

Arnica  creek  data: 

Present  paper 

58 

1  Prehatching. 

2  Distributed  between  chum  and  pink 

salmon. 

and  Shapovalov  and  Taft  (1954)  provides 
data  comparable  with  those  from  Arnica 
Creek  (table  9). 

Terminal  nest  mortality  at  Arnica 
Creek,  60  to  75  percent,  appears  to  be 
similar  to  the  average  of  those  indicated 
from  most  other  salmonid  studies.  How- 
ever, two  factors  should  be  considered 
and  weighed  in  order  to  make  nest  and  fry 
mortalities  significant,  comparable,  and 
objective.  These  items  are  the  fecundity 
of  the  species  and  mortalities  through  the 
various  developmental  stages,  particu- 
larly during  the  most  critical  segments  of 
the  life  history.  For  instance,  at  Yellow- 
stone Lake,  in  order  to  maintain  numerical 
equilibrium  in  the  spawning  runs  over  a 
period  of  time,  each  mature  female  is 
responsible  for  the  ultimate  production  of 
1.67  adults,  because  of  the  unequal  sex 
ratio  in  the  spawning  runs.  To  meet 
this  requirement,  a  0.15  percent  survival 
from  the  1,107  eggs  per  average  female  is 
necessary.  Survival  as  high  as  0.41  per- 
cent from  egg  potential  to  the  stages  in 
September  has  been  measured  at  Arnica 
Creek.     That   is,   4.54   young   trout   per 


female  had  been  produced  to  this  point. 
Only  1.67  of  these  are  required  to  reach 
maturity  if  the  run  is  to  remain  in  numer- 
ical stability.  Thus,  over  a  period  of  3 
years,  which  covers  normal  elapsed  time 
to  sexual  maturity,  3.33  (63.20  percent) 
of  the  5  immature  fish  alive  in  September 
will  succumb.  The  survival  rate  of  36.80 
percent  suggests  very  favorable  environ- 
ment for  the  preadult  period  in  the  lake. 
Many  factors  may  influence  the  success 
of  natural  reproduction  of  cutthroat  trout 
and  survival  during  early  developmental 
stages  at  Yellowstone  Lake.     They  are: 

1.  Size  of  the  spawning  run  (egg  poten- 
tial). 

2.  Capacity  of  the  spawning  gravels 
to  accommodate  spawners  without  occur- 
rence of  superimposition. 

3.  Predator  population  levels. 

4.  Relation  between  the  advent  of 
unfavorable  environmental  conditions  in 
the  stream  and  the  onset,  peak,  and  com- 
pletion of  spawning.  The  survival  of 
adults,  eggs,  and  fry  is  sometimes  deter- 
mined to  a  great  extent  by  this  relation 
(for  example,  lethal  stream  temperatures, 
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redd  exposure  due  to  lowering  of  stream 
level,  silting  and  scouring  of  spawning 
gravels) . 

5.  Log  jams  and  other  barriers  of  a  tem- 
porary or  permanent  nature  that  render 
upstream  spawning  areas  inaccessible  and 
may  result  in  superimposition  in  over- 
crowded downstream  reaches. 

6.  Ability  of  the  nursery  areas  to  pro- 
duce a  sufficient  supply  of  usable  food  for 
the  newly  hatched  fry.  The  availability 
of  food  for  young  fish  is  especially  critical 
at  and  shortly  after  the  time  when  the 
yolk  becomes  absorbed. 

7.  Intrusion  of  temporary  barriers  (low 
water,  hot  springs)  that  might  prevent 
free  and  uninhibited  movement  of  fry  from 
the  spawning  gravels  to  suitable  nursery 
areas. 

Stream  biology  and  spawning  mortality 

The  mortality  to  spawners  during 
their  sojourn  in  the  spawning  stream  has 
been  the  subject  of  considerable  attention 
during  these  studies.  It  is  at  this  time 
of  the  life  history  that  cutthroat  trout  are 
assembled  in  close  quarters  on  the  up- 
stream and  downstream  migration,  and 
the  biologist  is  afforded  the  best  opportun- 
ity for  obtaining  information  on  various 
aspects  of  its  biology.  In  the  section  on 
Methods  (p.  7),  explanation  was  made  of 
various  procedures  in  measuring  mor- 
tality to  adults  in  streams.  The  results 
of  the  applications  of  these  methods  and 
of  modifications  used  for  mortality  due 
to  tagging  are  treated  in  the  sections  to 
follow. 

Stream  mortality  oj  tagged  vs.  untagged 
trout. — The  stream  mortality  estimates  at 
Yellowstone  have  been  examined  in  the 
light  of  possible  differential  mortality  due 
to  tagging.  The  anaesthesia,  handling, 
and  tagging  were  suspected  of  causing 
weakness  in  the  tagged  fish,  spoiling  the 
assumption  that  tagged  fish  acted  exactly 
as  did  untagged  fish. 

The  facilities  at  Arnica  Creek  were  used 
to  compare  the  upstream  mortalities  of 
groups  of  tagged  and  untagged  trout  from 


1950  to  1953.  Table  10  summarizes  mor- 
tality for  each  group,  and  shows  that 
tagged  fish  sustained  mortalities  of  from 
35  to  50  percent  while  in  the  stream. 
Untagged  trout  incurred  stream  mortal- 
ities ranging  from  25  to  44  percent. 
Tagging  imparted  a  maximum  of  12  per- 
cent additional  mortality  on  the  spawners 
(1951),  and  a  minimum  differential  of  4 
percent  (1950).  The  tagging  mortality  in 
Arnica  Creek  may  also  have  been  due  to 
the  impediment  of  wearing  the  tag  during 
the  migration,  nest  digging,  and  spawning. 
Individual  differences  in  tagging  and 
handling  techniques  among  personnel 
could  have  contributed  to  year-to-year 
variations  in  mortalities  between  tagged 
and  untagged  fish. 


Table    10. — Differential 

stream 

mortalities     at 

Ar  nica 

Creek,  by  years,  1950-53 

Cutthroat  trout 

1950 

1951 

1952 

1953 

Tagged  vs.  untagged: 

Tagged  fish  mor- 

tality (percent- 

age)  

38.0 

41.2 

35.3 

50.3 

Untagged      fish 

mortality  (per- 

centage)  

33.6 

29.1 

25.6 

44.2 

Differential  mor- 

tality (percent- 

age)  

4.4 

12.1 

9.  7 

6.1 

Chi  square  value,  - 

i  6. 198 

2  62.  089 

2  32. 162 

2  11.  644 

Male  vs.  female: 

Male        sample 

mortality  (per- 

centage)  

18.1 

27.0 

22.3 

60.1 

Female    sample 

mortality  (per- 

centage)  

18.9 

26.0 

25.3 

44.6 

Differential  mor- 

tality       (per- 

centage)  

.8 

1.0 

3.0 

15.5 

Chi  square  value. 

3 . 0304 

3 .  6370 

3  1. 1117 

2 11. 397 

i  Significant  (0.5 level). 

2  Highly  significant  (0.01  level  or  better). 

3  Not  significant. 


Mortalities  in  streams. — The  test  stream, 
Arnica  Creek,  was  used  for  stream  mortal- 
ity measurements  from  1950  to  1953,  and 
afforded  a  convenient  means  for  compari- 
sons between  methods  in  years  when  more 
than  one  method  was  used.  Table  11 
shows,  for  instance,  that  in  1953  two  meth- 
ods were  used;  these  will  be  compared 
later.  The  table  also  shows  the  methods 
used  for  mortality  estimates  for  other 
spawning  populations  and  for  trout  in  Yel- 
lowstone Lake. 
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Table  12  summarizes  the  corrected  and 
uncorrected  counts  of  trout  through  the 
Arnica  Creek  trap  upstream  and  down- 
stream, for  the  years  1950-53.  Table  13 
is  a  summary  of  all  stream  mortality  esti- 
mates made  from  1949-53. 

The  most  reliable  mortality  estimates 
made  were  those  on  Arnica  Creek.  In 
one  year,  1953,  there  was  no  escapement 
past  the  trap  in  either  direction,  so  per- 
fect counts  were  obtained.  In  years  when 
some  trout  evaded  the  trap,  corrections 
were  made  (table  12)  from  the  results  of  a 
marking  program. 

Stream  mortalities  reported  for  other 
streams  (table  12)  were  computed  by  the 
other  methods  indicated  in  table  11  and 
described  in  the  section  on  methods. 
These  methods  are  all  dependent  on  the 
recovery  of  tags  from  postspawners  in 
the  lake  and  river  fishery.  Table  14  is  a 
general  summary  of  tags  representative  of 
postspawners  from  various  streams  and 
returned  from  the  fishery.     The  ' 'assumed 


Table  12. — Corrected  and  uncorrected  trap  counts 
at  Arnica  Creek,  by  years,  1950-53 


Table  11. — Summary  o 

f  methods  used 

in 

evalu- 

ating  stream  and  fishing  mortality 

Stream 

Fishing 

mortality 

intensity 

§ 

js 

B 

a 

bo 

Area  and  year 

bo 

•§■§> 

T  bo 

as 

9 

o 
s 

g 

T1~ 

a 

8 

ft 
3 

ft 
g 

b£ 

.a 

ft 

a 

03 

OJ 

ft 

a 

o 

a 

o 

o 
be 
bo 

S3 

feb 
1 

03 

CO 

p 

U 

< 

Pn 

H 

H 

tf 

Arnica  Creek: 

1950 

X 
X 
X 

X 
X 
X 
X 

X 
X 
X 
X 

"x" 

X 

1951 

X 

1952 

X 

1953 

X 

X 

.... 

X 

Pelican  Creek: 

1949 

X 

X 
X 
X 
X 
X 

1950 

X 
X 
X 

X 

1951 

1952 

X 

1953 

X 

Chipmunk  Creek: 

1949 

X 

X 
X 
X 
X 

1950 

X 

1952 

X 
X 

X 

1953 

X 

Grouse  Creek: 

1951 

X 

X 
X 
X 

1952 

X 
X 

X 
X 

X 

1953 

X 

Cascades: 

1951 

X 
X 
X 

X 
X 
X 

X 
X 
X 

X 

1952 

X 

1953 

X 

Trap  net: 

1952 

X 
X 

X 
X 

X 
X 

X 

1953 

X 

Tagged  fish 

1950 

1951 

1952 

1953 

Total 

Upstream: 

Number  tagged 

Number  untagged 

Total  count 

965 

i  2,916 

3,881 

3.15:1 

24.9 

144 
559 

1,252 
3,503 
4,755 
1.82:1 
26.3 

261 
1,153 

958 

2,565 

3,523 

2  0.3-5.  0:1 

27.2 

232 
869 

1,019 
3,505 
4,524 

"22."  5 

506 
1,956 

4,194 
12,  489 
16,  683 

"25"  i 

1,143 

Sampling  ratio  (SR)__ 
Percentage  tagged... 
Downstream  sampled: 
Tagged  fish 

Untagged  fish 

4,537 

Total 

703 

598 
1,936 

1,414 

736 

2,484 

1,101 

620 
1,908 

2,462 

506 
1,956 

5,680 

2,460 

8,284 

Downstream  estimated: 
Tagged  fish 

Untagged  fish.  

Total..  

2,534 

367 
980 

3,220 

516 
1,019 

2,528 

338 

657 

2,462 

513 
1,549 

10,  744 
1,734 

Stream  mortality: 

Tagged  fish 

Untagged  fish ... 

4,205 

Total.. 

1,347 

3,881 
2,534 
1,347 

1,535 

4,755 
3,220 
1,535 

995 

3,523 

2,528 

995 

2,062 

4,524 
2,462 
2,062 

5,939 

16,683 
10,  744 
5,939 

Total: 

Upstream  run.. 

Downstream  run 

Upstream  mortality... 

1  Estimated  from  marking  of  764  in  upstream  trap  count 

2  Variable  between  these  limits. 

Table    13. — Summary    of  stream-mortality    esti- 
mates of  spawners  (sm),  by  years,  1949-53 

[Expressed  as  percentage  values] 


Stream 

In  tag  population  of— 

Mean 

1949 

1950 

1951 

1952 

1953 

Arnica  Creek 

38.0 

60.8 
65.7 

41.2 
29.2 

35.3 

21.0 
94.9 
58.9 

50.3 
30.5 
48.0 
70.1 
41.2 

41.2 

Pelican  Creek 

Chipmunk  Creek 

Grouse  Creek 

65.2 
23.0 

41.3 
57.9 
57.7 

Clear  Creek 

41.2 

Mean 

44.1 

54.8 

38.2 

52.5 

48.0 

48.1 

fishing  mortality"  method  used  on  Pelican 
and  Chipmunk  Creeks  for  1949,  giving 
mortality  values  of  65.2  and  23.0  percent, 
respectively,  while  not  yielding  statisti- 
cally reliable  results,  nevertheless  affords 
the  most  reasonable  approximation  pos- 
sible under  the  circumstances. 

The  upstream-downstream  tagging 
method  gave  reliable  estimates  in  some 
instances.  At  Arnica  Creek,  this  method 
was  tested  against  a  complete  upstream 
and  downstream  trap  count  in  1953.  The 
stream  mortality  estimate  made  by  up- 
stream-downstream  tagging  was  52.2  per- 
cent, compared  with  50.3  percent  for  the 
actual  count.  In  this  case,  29  out  of  353 
downstream  tags  were  recovered  in  the 
fishery  in  the  current  season.  On  other 
streams  where  the  method  was  used  in 
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Table  14. — Summary  of  recoveries  from  the  fishery  of  fish  tagged  in  streams 


Percent  of  total  returns 

in- 

Total  i 
of  re 

lumber 

Stream  and  year 
of  tagging 

Yellowstone 
River  area 

Fishing 
Bridge  area 

Northern 
area 

Southern 
area 

West  Thumb 
area 

turns 

First 
year 

Second 
year 

First 
year 

Second 
year 

First 
year 

Second 
year 

First 
year 

Second 
year 

First 
year 

Second 
year 

First 
year 

Second 
year 

Arnica  Creek: 

1950     

4.5 
2.5 

9.1 
8.6 
5.7 

7.7 

22.7 
12.3 
22.9 
14.5 

15.4 
50.0 
50.0 
20.0 

4.5 

""~2."9" 
7.2 

7.7 
16.7 

"~~~6.Y 

59.1 
76.5 
68.6 
75.4 

69.2 
33.3 
50.0 
66.7 

44 
81 
35 
69 

13 

1951           

12 

1952                    

2 

1953 

2.9 

15 

2.7 

5.7 

30.8 
37.0 
11.4 
27.1 
19.2 

4.8 

21.4 
11.1 
29.2 

"~~8.T 

16.6 

46.2 
57.4 
74.3 
64.7 
66.3 

28.6 

71.4 
55.6 
62.5 
92.3 
52.2 

3.5 

7.7 

"""IT 

3.5 
6.7 

9.5 

""ii.'I" 

""l3.~6~ 

71.6 

15.4 
....... 

1.2 
6.7 

57.1 

7.1 

22.2 

8.3 

7.7 

21.7 

229 

26 
54 
70 
85 
104 

42 

Pelican  Creek: 

1949              

14 

1950 

5.6 
2.9 
3.5 

1.0 

"""4.1" 

9 

1951 

24 

1952           

13 

1953           

23 

2.7 

1.2 

23.3 
11.6 

15.7 

64.6 
62.8 

65.1 
54.5 

4.4 
11.6 

4.8 
18.2 

5.0 
14.0 

13.3 
27.3 

339 
43 

83 

Clear  Creek  1953 

11 

11.6 

62.8 

9.1 
23.5 
32.1 
50.0 
19.0 

54.5 

23.5 
33.3 

""20.~6" 
20.0 

11.6 

27.3 
41.2 
46.4 
33.3 
61.9 

18.2 

17.6 
41.7 
73.3 
40.0 
60.0 

14.0 

63.6 
29.4 
21.4 
16.7 
19.0 

27.3 

58.8 
25.0 
26.7 
20.0 
20.0 

43 

11 
17 
28 
12 
21 

11 

Chipmunk  and  Grouse 
Creeks: 
1949              

34 

1950 

5.9 

12 

15 

1952                               

20.0 

5 

5 

27.0 

19.7 

44.9 

38.0 

27.0 

40.8 

89 

71 

1953,  less  reliable  estimates  were  obtained 
because  of  a  paucity  of  returns  from  the 
fishery.  From  Chipmunk  Creek,  only  5 
out  of  112  tags  were  recovered;  from 
Grouse  Creek,  7  out  of  172;  from  Pelican 
Creek,  2  out  of  77;  from  Clear  Creek,  19 
out  of  595.  The  reliability  of  stream 
mortality  estimates  by  this  method  de- 
pends on  a  high  return  of  tagged  fish  from 
the  fishery,  and  on  tagging  and  release  of 
the  downstream  migrants  at  the  same 
time  that  those  not  being  tagged  are 
passing  downstream. 

The  other  technique  used  at  Yellow- 
stone for  estimating  stream  mortality,  the 
sampling  ratio  method,  was  employed  on 
four  streams.  The  reliability  of  this  meth- 
od is  also  dependent  on  an  adequate  har- 
vest of  tagged  fish.  At  Pelican  Creek 
in  1953,  there  were  114  returns  from  1,246 
fish  tagged,  giving  a  more  reliable  esti- 
mate; the  figure  for  Chipmunk  Creek  in 
1951  may  be  questionable,  since  only  19 
tags  from  1,491  tagged  fish  were  returned. 

Spawning  mortality  at  stream  locations 
other  than  Arnica  Creek  has  suggested 
significantly  high  death  rates.     These  data 


lack  the  reliability  of  the  information  de- 
rived from  Arnica  Creek.  Because  differ- 
ential mortality  estimates  pertaining  to 
tagged  and  untagged  spawners  are  not 
available  from  other  areas,  the  spawning 
mortality  values  presented  in  later  sum- 
maries are  derived  from  tagging  data  only 
and  are  therefore  comparable  only  for  the 
tagged  populations.  Hence  the  figures 
probably  represent  maximum  estimates 
and  could  be  from  4  to  12  percent  high. 

Pelican  Creek,  a  moderately  warm 
stream  with  a  large  drainage  area,  supports 
a  relatively  early  spawning  migration. 
Stream  mortality  averaged  41.3  percent 
for  the  period  1949-53,  and  great  fluctu- 
ation about  this  mean  figure  occurred.  It 
is  noteworthy  that  the  two  years  of  lowest 
survival  of  spawners  at  Pelican  Creek 
were  1949  and  1950,  when  the  two 
largest  spawning  runs  were  tabulated. 

Both  Grouse  and  Chipmunk  Creeks  also 
averaged  more  than  50  percent  spawner 
mortality.  It  is  remarkable  that  the  aver- 
ages computed  during  the  study  period  for 
both  streams,  notwithstanding  independ- 
ent year-to-year  variations,  were  exactly 
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the  same,  56.8  percent.  However,  the 
most  obvious  sources  of  spawning  mor- 
tality operating  in  Arnica  and  Pelican 
Creeks,  high  water  temperatures  and  pol- 
lution, are  not  duplicated  in  these  two 
tributaries  to  the  South  Arm.  Predation 
by  white  pelicans  seems  to  act  as  the 
principal  mortality  source  in  this  area. 
The  pelican-trout  relation  will  be  discussed 
later. 

The  tagging  operations  at  the  trap  net 
and  Cascades  depended  on  spawning  mi- 
grations passing  these  two  locations. 
Shortly  after  tagging,  the  fish  were  char- 
acteristically taken  in  the  area  around 
Fishing  Bridge.  Less  than  10  percent  of 
the  tags  applied  at  the  trap  net  later  ap- 
peared at  the  trap  on  Pelican  Creek,  which 
is  the  spawning  tributary  nearest  the  trap 
net  location.  Large  quantities  of  excel- 
lent spawning  gravel  are  present  for  a 
distance  of  half  a  mile  upstream  and  a  mile 
downstream  from  Fishing  Bridge.  Trout 
build  nests  in  this  area  during  June  and 
early  July,  and  large  numbers  of  fry  are 
seen  there  later  in  the  season.  Sexually 
mature  fish,  many  of  which  are  prespawn- 
ers,  dominate  the  Fishing  Bridge  fishery. 
This  direct  and  indirect  evidence  is  the 
basis  for  concluding  that  the  fish  tagged  at 
the  Cascades  were  moving  up  the  Yellow- 
stone River  to  spawning  gravels  around 
Fishing  Bridge.  The  trap  net  also  sampled 
mature  "lake"  fish,  most  of  which  were 
leaving  the  northern  section  of  the  lake  for 
the  same  spawning  area  near  Fishing 
Bridge. 

The  migration  of  trap-net  fish  to  the 
Fishing  Bridge  spawning  gravels  began 
during  the  latter  half  of  June  and  reached 
a  peak  during  the  last  week  of  the  month. 
Adult "  river"  trout  appeared  to  be  moving 
up  the  Yellowstone  River  earlier  in  June, 
at  least  before  the  migration  of  "lake''  fish 
past  the  trap  net  location  was  detected. 
Maximum  movement  of  river  fish  took 
place  early  in  July,  indicating  a  more 
extended  spawning  run.  Both  the  open- 
ing of  the  lake  fishery  (May  30  or  June  15) 
and  the  onset  of  fishing  in  the  river  and  on 


Fishing  Bridge  (July  1)  exerted  a  pro- 
found influence  over  the  reproductive 
activities  in  this  particular  area. 

Adult  fish  tagged  at  traps  in  smaller 
streams  were  not  available  to  the  fisher- 
men until  spawning  was  completed  and 
the  survivors  had  returned  to  the  lake. 
On  the  other  hand,  fish  from  the  trap  net 
and  Cascades  tagging  operations  were 
exposed  to  the  fishery  before,  during,  and 
after  spawning  activities.  For  this  reason 
the  estimate  of  lake  mortality  (Im)  for  the 
last  two  groups  of  tagged  fish  also  includes 
some  cumulative  effects  of  spawning 
mortality. 

The  Fishing  Bridge  area  fishery  has 
some  characteristics  that  are  similar  to 
those  detected  at  Grouse  and  Chipmunk 
Creeks.  In  the  South  Arm,  the  white 
pelicans  prey  heavily  on  adult  fish  in  the 
stream  during  spawning.  Similarly, 
angling  in  the  Fishing  Bridge  area  depends 
on  adult  cutthroat  as  they  approach  the 
spawning  gravels,  are  in  the  process  of 
nest  building,  or  as  postspawners. 
Observations  strongly  suggest  that  in 
both  locations,  a  significant  portion  of  the 
harvest  by  predators  and  fishermen 
consists  of  prespawners. 

Stream  mortalities  and  sex. — With  one 
exception,  male  and  female  spawners  sus- 
tained similar  spawning  mortalities.  The 
reason  for  a  mortality  difference  between 
sexes  in  Arnica  Creek  in  1953  may  relate 
to  temperature.  That  year,  spawning 
mortality  was  significantly  higher  than  in 
previous  years  (table  10).  Mean  maxi- 
mum period  temperatures  in  the  stream 
reached  the  critical  stage,  around  65°  F., 
early  and  were  sustained  at  this  level  over 
a  longer  period  of  time  than  in  any, of  the 
other  years  at  Arnica  Creek  (fig.  4) .  This 
year,  the  male  spawners  spent  two  days 
more  than  the  average  time  in  the  stream 
(table  15),  and  an  unusually  large  number 
of  bears  frequented  the  area.  These  three 
conditions  may  have  increased  the  prob- 
ability of  the  male  population  experiencing 
a  significantly  higher  stream  mortality 
than  the  female.     Presumably  these  con- 
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TIME     OF      SEASON 


Figure    4. — Arnica    Creek   tag   group   mortality   rates    (histograms)    and    mean    maximum   period 
temperatures  plotted  against  time  period,  1950  to  1953. 
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Table  15. — Weight  loss  and  spawning  time  for 
tagged  trout  in  Yellowstone  streams,  1950  to 
1953 


Year,  stream,  and  number  of 
tagged  trout 

Average 
loss  in 
weight 
(ounces) 

Average 

time 

upstream 

(days) 

Quality 
of 

sampling 

1950: 

Arnica  Creek: 

3.2 
3.9 

3.2 
2.4 

2.2 
2.7 

3.9 
3.8 

20.3 
11.5 

8.2 
8.9 

9.9 
6.3 

23.3 
21.0 

20.2 
13.1 

17.4 
10.5 

23.0 
11.4 

31.0 
10.0 

12.3 

6.0 

19.2 
12.0 

18.5 
20.2 

18.4 
10.2 

35.0 

Good. 

73  females 

Pelican    Creek,    artiflcally 
spawned: 

Fair. 

47  females 

Chipmunk     Creek,    artifi- 
cially spawned: 

Good, 

Pelican  Creek,  natural  re- 
production: 

Fair. 

24  females 

Chipmunk  Creek,  natural 
reproduction: 
48  males 

Good. 

59  females 

1951: 

Arnica  Creek: 

92  males.. 

3.2 
3.8 

2.5 

2.8 

4.0 
1.0 

2.5 
2.5 

2.4 
3.0 

2.4 
2.6 

2.2 
2.8 

2.5 

Good. 

144  females 

Pelican  Creek: 

1  male 

Poor. 

Grouse  Creek: 

1  male 

Poor. 

1  female 

1952: 

Arnica  Creek: 

Good. 

1953: 

Arnica  Creek: 

159  males 

Good. 

394  females 

Pelican  Creek: 

4  males 

Poor. 

Grouse  Creek: 

Fair 

11  females 

Chipmunk  Creek: 

2  males 

Poor. 

Clear  Creek: 

3.2 
4.4 

17.1 
18.7 

Poor. 

22  females 

ditions  were  not  critically  accentuated  in 
other  years  to  a  degree  where  the  effect 
was  differentially  applied. 

Female  spawners  in  Arnica  Creek  lost 
an  average  of  2.5  ounces  in  1952  to  3.9 
ounces  in  1950  during  stream  residence, 
while  the  male  losses  ranged  from  2. 4 
ounces  in  1953  to  3.2  ounces  in  1950  and 
1951.  The  4-year  average  showed  a  3.3- 
ounce  weight  loss  for  females  and  a  2.8- 
ounce  loss  for  males,  a  difference  of  almost 
half  an  ounce. 

Sex  ratios. — Sex  ratios  in  the  spawning 
migrations  in  tributaries  to  Yellowstone 
Lake  are  somewhat  unusual  in  their  pre- 
dominance of  females.     Table  3  is  based 


on  sex  determination  of  193,305  males  and 
284,893  females  in  6  tributaries  at  Yellow- 
stone from  1945  to  4953,  and  on  several 
thousand  mature  fish  caught  at  random 
from  Yellowstone  Lake.  The  data  clearly 
show  that  females  consistently  outnumber 
males  in  the  migrations  and  in  the  catch. 
The  male-female  ratio  for  combined  data 
from  the  spawning  runs  is  1:1.47,  and 
for  the  fishery,  1:1.62. 

The  phenomenon  of  a  female-dominated 
sex  ratio  in  the  spawning  runs  at  Yellow- 
stone would  appear  to  be  important  in 
regard  to  reproduction  potential.  There 
is,  however,  no  evidence  that  the  uneven 
sex  ratio  is  detrimental  to  the  mainte- 
nance of  the  population  of  the  cutthroat 
trout. 

The  reason  for  the  development  of  the 
unequal  sex  ratios  in  the  spawning  runs  at 
Yellowstone  Lake  remains  to  be  explained. 
It  is  assumed  that  the  sex  ratio  of  those  fry 
emerging  from  the  gravel  is  1:1.  Then,  at 
some  later  time  preceding  their  maturity, 
either  a  differential  mortality  occurs,  or  the 
sexes  do  not  enter  the  streams  for  spawning 
in  equal  numbers.  It  has  been  suggested 
by  other  workers  (Barnaby,  1944)  that  at 
the  onset  of  the  spawning  migration,  when 
the  prespawners  are  approaching  the  trib- 
utary streams  and  are  vulnerable  to  the 
fishery,  the  male  may  be  more  susceptible 
to  the  fishery.  It  is  well  known  that  male 
salmonoids  are  particularly  aggressive  dur- 
ing the  time  of  reproduction.  The  thought 
has  been  advanced  that  they  may  be  es- 
pecially easy  to  catch  at  this  time.  This 
possibility  was  explored  in  an  analysis  of 
the  sex  ratios  of  the  fish  during  the  early 
portion  of  the  fishery.  While  a  significant 
predominance  of  males  was  noted  early  in 
the  season,  the  females  outnumbered  the 
males  for  each  season,  1950  to  1953.  The 
total  catch  involved  could  not  possibly  ac- 
count for  the  unequal  ratio  detected  later 
at  the  traps.  If  this  early  fishery  was 
mostly  the  cause  of  the  differential  har- 
vest, then  the  heavier  fishing  pressure  di- 
rected against  the  northern  and  West 
Thumb    areas    should    result    in    much 
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stronger  spawning-run  ratios  in  favor  of 
the  females  in  these  areas,  compared  with 
those  of  the  southern  half  of  the  lake. 

Actually,  a  suggestion  of  higher  female- 
to-male  ratios  in  Pelican  and  Arnica  Creeks 
over  Chipmunk,  Grouse,  Clear,  and  Cub 
Creeks  may  be  seen  in  table  3.  It  is  sug- 
gested that  the  early  season  differential 
harvest  of  mature  males  in  the  northern 
lake  areas  of  intense  fishing  pressure  is  the 
cause  only  for  the  differences  that  appear 
to  exist  between  areas  of  the  lake.  Even 
at  Grouse  and  Chipmunk  Creeks,  where 
fish  are  little  affected  by  the  early  fishery 
a  significant  and  constant  excess  of  females 
in  the  spawning  runs  has  been  measured. 
This  fact  indicates  that  a  differential  mor- 
tality takes  place  prior  to  initial  spawning. 
The  reason  may  stem  from  differential  nat- 
ural mortalities  to  immature  fish  in  the 
lake.  Barnaby  (1944)  made  note  of  the 
excess  of  females  over  males  in  the  spawn- 
ing runs  of  red  salmon  in  Alaska.  He  at- 
tributed this  condition  partly  to  the  selec- 
tive action  of  the  gill  net  fishery,  but 
suggested  that  the  principal  cause  under- 
lying this  condition  lacked  explanation. 
Foerster  (1954),  noting  the  same  condition 
for  the  same  species  in  British  Columbia, 
also  indicated  that  the  selective  action  of 
the  gill  net  fishery  was  partially  the  cause 
of  the  differential  sex  ratio  in  the  spawning 
runs.  He  proposed,  however,  that  since 
the  sex  ratio  of  seaward-migrating  smolts 
was  1:1,  as  Barnaby  had  observed,  the 
males  had  become  more  susceptible  to  nat- 
ural mortality  during  ocean  residence. 

Weight  loss  and  time  spent  upstream. — 
Additional  insight  into  stream  survival  as 
it  relates  to  loss  in  weight  and  time  spent 
upstream  can  be  obtained  from  table  15. 
Evidence  from  Arnica  Creek  shows  that 
males  remain  in  the  stream  for  a  longer 
period  of  time  than  females. 

The  males  were  upstream  for  an  average 
of  17.3  days  over  a  period  of  4  years,  while 
the  year-to-year  average  varied  from  12  to 
20  days.  The  female,  however,  usually 
remained  in  the  creek  for  10  days,  although 
averages  for  individual  years  ranged  from 


6  to  12  days.  The  average  time  difference 
between  sexes  was  7.3  days.  The  con- 
clusion is  that  multiple  servicing  by  males 
accounts  for  the  difference,  which  is  in 
keeping  with  the  demands  imposed  by  the 
unequal  sex  ratio.  Because  the  average 
time  spent  in  the  stream  by  Arnica  Creek 
adult  females  was  6  to  12  days,  usually  10, 
and  the  reasoning  that  each  must  construct 
3  redds  during  that  period,  it  appears 
reasonable  to  assume  that  each  female 
would  construct  a  redd  every  2  to  4  days 
and  lay  about  one-third  of  her  eggs  in  each 
redd. 

In  general,  the  measurements  of  weight 
loss  and  spawning  time  tabulated  for  other 
streams  agree  with  those  obtained  at  Arni- 
ca Creek.  There  appears  to  be  no  obvious 
relationship  between  the  size  of  tributary 
and  length  of  time  spent  in  the  stream  for 
spawning.  For  instance,  in  1950  when 
the  sampling  of  natural  spawn ers  at  Arnica 
and  Chipmunk  Creeks  was  comparable, 
an  obvious  time  difference  between  the 
larger  tributary  and  the  smaller  Arnica 
Creek  was  not  detected.  The  tendency 
for  males  to  remain  in  the  stream  for  longer 
periods  of  time  than  females  is  evident 
from  all  other  locations. 

Stream-mortality  estimates  have  been 
made  in  other  trout  investigations,  and 
several  authors  have  indirectly  shown  that 
survival  of  adults  following  spawning  is 
rather  low.  Belding  (1934)  correlated  the 
loss  of  weight  associated  with  the  pre- 
spawning  and  spawning  period  with  the 
low  percentage  of  repeat  spawners  in 
mature  Atlantic  salmon  (Salmo  salar). 
He  inferred  that  the  basic  cause  of  the 
high  mortality  was  purely  physiological. 
The  "natural  depletion  of  the  body  tissues 
to  the  borderline  of  death  by  physiological 
starvation,  the  development  of  the  sexual 
organs,  and  the  expenditure  of  energy" 
results  in  a  weakened  condition  and  "on 
its  return  to  the  ocean  that  it  is  unable  to 
undergo  normal  recuperation,  or  it  becomes 
ready  prey  of  its  enemies.''  However, 
because  of  the  time  and  distance  involved 
in  their  spawning  migration,  Atlantic  salm- 
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on  lost  a  much  higher  percentage  of  body 
weight  than  did  other  salmonoids  in  other 
areas.  Belding  placed  the  lethal  thresh- 
old of  weight  loss  at  40  percent  and  cal- 
culated that  Atlantic  salmon  lost  from  31 
to  44  percent  during  the  reproductive 
period.  These  figures  may  be  compared 
with  16.7  percent  and  25.2  percent  for 
male  and  female  rainbow  trout  (Mottley, 
1938),  and  18.5  percent  and  21.3  percent 
for  male  and  female  Yellowstone  Lake 
cutthroat.  However,  this  relatively  small 
loss  of  weight  by  Yellowstone  spawners 
may  still  be  a  delayed  factor  contributing 
to  natural  mortality. 

Calhoun  (1944),  working  with  cut- 
throat trout  (Salmo  clarki  henshawi)  in 
Blue  Lake,  California,  also  suggested  a  close 
relation  between  weight  loss  during  spawn- 
ing and  subsequent  survival.  He  said, 
"Fish  returning  to  the  lake  after  spawning 
will  have  small  opportunity  to  build  up 
food  reserves  to  tide  them  over  the  winter 
when  the  lake  is  frozen  for  six  months." 
Calhoun  based  this  supposition  on  his 
recognition  of  the  small  number  of  adult 
cutthroat  which  spawned  a  second  time. 
Irving  (1953),  reporting  on  the  ecology  of 
the  cutthroat  (Salmo  clarki  lewisi)  in 
Henrys  Lake,  Idaho,  suggested  a  high  rate 
of  spawning  and  lake  mortality  on  the 
basis  of  infrequent  trap  and  fishing  returns 
from  marked  spawners.  While  survival 
and  mortality-estimates  were  not  presented, 
he  did  suggest  that  spawning  loss  was 
the  result  of  injuries,  disease,  and  exhaus- 
tion attributable  to  the  activities  leading 
up  to  and  associated  with  reproductive 
activities. 

Mottley,  in  his  work  with  rainbow  trout 
in  the  spawning  runs  out  of  Paul  Lake, 
British  Columbia,  indicated  that  both  the 
shedding  of  sex  products  and  utilization  of 
stored  food  materials  were  the  cause  of 
the  loss  of  weight  in  males  and  females 
(16.7  and  25.2  percent).  It  was  deter- 
mined that  the  ovaries  of  the  female  con- 
stituted only  19  percent  of  the  total  body 
weight,  and  the  testes  of  the  male  made 
up  only  5  percent  of  its  total  body  weight. 


Allowing  for  some  retention  of  sex  prod- 
ucts by  both  sexes,  Mottley  estimated 
that  the  difference  between  the  total  loss 
of  weight  and  that  attributed  to  the  actual 
loss  of  sex  products,  9  percent  for  the 
female  and  14  for  the  male,  must  be  due  to 
the  utilization  of  stored  food  materials. 
Even  though  the  female  loses  a  greater 
percentage  of  her  total  body  weight  during 
spawning,  it  is  the  male  who  must  draw 
upon  a  greater  store  of  food  reserves  in 
order  to  survive  this  period. 

Belding  (1934)  also  found  that  female 
anadromous  Atlantic  salmon  spawning 
under  natural  conditions  lost  significantly 
more  weight  per  individual  than  those 
from  which  eggs  had  been  taken  by  fish 
culturists.  The  difference,  it  must  be 
assumed,  can  be  attributed  to  the  use  of 
stored  food  materials  by  natural  spawners. 
He  indicated  that  the  development  of  the 
eggs  and  sperm,  expenditure  of  energy  and 
cessation  of  feeding  activities  during 
spawning  manifested  themselves  as  stream 
death  (spawning  mortality) ,  or  as  delayed 
mortality  in  the  ocean  as  the  delayed  result 
of  the  spawning  activities  (lake  mortality) . 

Stream  mortality  and  time  of  migration. — 
Changes  in  the  rate  of  stream  mortality 
with  the  progress  of  the  season  were 
studied  at  Arnica  Creek  and  viewed  in  the 
light  of  environmental  factors  which  also 
changed  throughout  the  season.  The 
trout  that  entered  Arnica  Creek  in  early 
May  were  usually  exposed  to  cold  water 
and  moderate  stream  flow  conditions. 
These  conditions  gave  way  to  heavier 
stream  runoff,  and  the  fish  in  the  later 
parts  of  migration  faced  reduced  stream 
flows  and  higher  water  temperatures. 
The  trout  responded  to  these  changing 
conditions  by  changing  their  times  spent 
in  the  stream,  their  distribution  within 
the  stream  system,  and  their  mortalities. 

Table  12  presented  the  actual  enumera- 
tions obtained  at  Arnica  Creek  traps  from 
1950  to  1953  and  the  corrected  trap  counts 
and  estimated  seasonal  spawning  mortali- 
ties derived  therefrom.  A  more  detailed 
analysis  of  spawning  mortality  involving 
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Table  16. — Stream  mortality  and  escapement  to  the  fishery  by  the  tag  groups  at  Arnica  Creek,  1950  to  1958 
[Fishing  began  on  May  30  from  1950  to  1952  and  on  June  15  in  1953] 


Time  period 


1950 

May  4-10 

May  11-17 

May  18-24 

May  25-31 - 

June  1-7 

June  8-14 

June  15-21 

June  22-28 

June  29-July  5— . 

July  6-12 

July  13-19 — 

July  20-26— 

July  27-Aug.  2... 

Aug.  3-9 

Aug.  10-16-- 

Aug.  17-23 

Aug.  24-30 

Aug.  31-Sept.  6— 
Sept.  7-13 

Season  total 

1951 

May  4-10 

May  11-17 

May  18-24 

May  25-31 

June  1-7 

June  8-14 

June  15-21 

June  22-28.. 

June  29-July  5— 

July  6-12. 

July  13-19 

July  20-26. 

July  27-Aug.  2... 

Aug.  3-9. 

Aug.  10-16.. 

Aug.  17-23 

Aug.  24-30- 

Aug,  31-Sept.  6— 

Sept.  7-13 

Season  total 

1952 

May  4-10 

May  11-17- 

May  18-24 

May  25-31 

June  1-7 

June  8-14. 

June  15-21. 

June  22-28— 

June  29-July  5 

July  6-12 

July  13-19 

July  20-26 

July  27-Aug.  2... 

Aug.  3-9 

Aug.  10-16. 

Aug.  17-23- 

Aug.  24-30 

Aug.  31-Sept.  6— 
Sept.  7-13 

Season  total 

1953 

May  4-10 

May  11-17 

May  18-24 

May  25-31 

June  1-7 

June  8-14 

June  15-21 

June  22-28 

June  29-July  5 

July  6-12 

July  13-19 

July  20-26 

July  27-Aug.  2— 

Aug.  3-9 

Aug.  10-16 

Aug.  17-23 

Aug.  24-30 

Aug.  31-Sept.  6— 
Sept.  7-13 

Season  total 


Number  sampled  down 

Number  calculated  down 

Group  mortality 

Number  tag- 
ged-up  (NT) 

[n(Td)] 

[N(Td)] 

(sm) 

Group 

Period 

Group 

Period 

Percentage 
rate 

Number 

0 
0 
53 

-. 

- 

""" 12~ 

... 

"il 

89 

12 

0 

50 

47 

42 

233 

43 

0 

178 

24 

57 

275 
100 

53 
10 

0 
75 

220 
42 

21 
59 

57 

312 

59 

100 

10 

19 

42 

79 

59 

59 

25 

3 

27 

12 

112 

52 

13 

20 

0 

3 

UO 

13 

50 

10 

25 

3 

2 

12 

8 

52 

13 

45 

7 

1 

29 

4 

36 

16 

0 

0 

7 

0 

29 

0 

0 

0 

0 

2 

0 

8 

0 

0 

0 

0 

6 

0 

25 

0 

0 

0 

0 

1 

0 

4 

0 

0 

0 

0 

1 

0 

4 

0 

0 

0 

0 

0 

0 

0 

0 

965 

144 

144 

598 

598 

38.0 

367 

6 

1 

3 

50 

3 

94 

19 

53 

44 

41 

112 

238 

28 
73 

79 
206 

29 
13 

33 

1 

3 

32 

181 

48 

48 

135 

135 

25 

46 

106 

25 

86 

71 

243 

33 

35 

91 

12 

48 

34 

135 

63 

67 

114 

16 

25 

45 

70 

61 

69 

118 

13 

11 

37 

31 

69 

81 

65 

10 

13 

28 

37 

57 

37 

65 

7 

15 

20 

42 

69 

45 

29 

4 

4 

11 

11 

62 

18 

23 

3 

7 

8 

20 

65 

15 

10 

2 

2 

6 

6 

40 

4 

0 

0 

1 

0 

3 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1,252 

261 

261 

736 

736 

41.2 

516 

0 

0 

0 

0 

107 

39 

11 

62 

29 

42 

45 

176 

47 

29 

131 

78 

26 

45 

261 

50 

37 

210 

99 

20 

51 

154 

33 

25 

125 

67 

19 

29 

95 

31 

41 

47 

110 

51 

48 

20 

4 

53 

13 

142 

35 

7 

50 

8 

8 

8 

21 

84 

42 

29 

9 

15 

9 

40 

69 

20 

27 

2 

2 

6 

5 

78 

21 

27 

5 

4 

5 

11 

81 

22 

12 

4 

6 

4 

13 

67 

8 

o 

0 

2 

5 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

958 

232 

232 

620 

620 

35.3 

338 

26 

13 

0 

13 

0 

50 

13 

63 

37 

7 

37 

7 

41 

26 

43 

35 

5 

35 

5 

19 

8 

159 

98 

29 

98 

29 

38 

61 

147 

105 

49 

105 

49 

29 

42 

148 

77 

96 

77 

96 

48 

71 

105 

51 

104 

51 

104 

51 

54 

88 

35 

30 

35 

30 

60 

53 

115 

33 

60 

33 

60 

71 

82 

68 

13 

105 

13 

105 

81 

55 

33 

7 

13 

7 

13 

79 

26 

11 

1 

5 

1 

5 

91 

10 

2 

0 

2 

2 

100 

2 

3 
5 
0 
0 

0 
1 
0 
0 

0 
0 

1 
0 

100 
80 

3 

1 

4 

1 

3 

0 

0 

100 

3 

0 

0 

0 

1,019 

506 

506 

506 

506 

50.3 

513 

Estimated  because  of  a  lack  of  group  sample. 
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tag  group  mortality  rates  at  Arnica  Creek 
is  incorporated  into  table  16.  This  table 
lists  the  number  of  upstream  tags,  NT, 
which  bear  a  constant  proportional  rela- 
tion to  the  numbers  of  untagged  members 
released  upstream  in  each  time  period. 
Figure  4  demonstrates  the  relation  between 
tag  group  mortality  rates  and  mean  maxi- 
mum period  temperatures  at  Arnica  Creek. 

The  peak  of  each  spawning  run  occurred 
when  the  mean  maximum  weekly  temper- 
ature reached  about  55°  F.  Movement 
of  prespawners  (trout  approaching  sexual 
maturity  prior  to  spawning,  in  the  lake  or 
in  the  spawning  migration)  started  at 
about  45°  F.  The  peak  of  the  run  always 
preceded  the  period  of  highest  daily  water 
temperatures.  Most  of  the  fish  for  the 
season  had  passed  upstream  before  the 
maximum  daily  temperature  averaged  60° 
F.  Maximum  daily  temperatures  which 
exceeded  65°  F.  coincided  with  the  occur- 
rence of  large  numbers  of  dead  spawners 
around  the  trap  sites  at  Arnica  and  Pelican 
Creeks.  The  greatest  difference  in  time 
between  peaks  of  spawning  and  tempera- 
ture occurred  at  Arnica  Creek  (5  weeks) 
and  the  smallest  existed  at  Chipmunk 
Creek  (1  week).  This  difference  is  related 
to  the  temperature  characteristics  of  the 
individual  streams,  and  particularly  to 
temperatures  associated  with  maximum 
movement  of  prespawners  (53  to  57°  F.). 

The  relation  between  the  tag  group 
spawning  mortalities  at  Arnica  Creek  and 
thermal  characteristics  as  reflected  by  the 
mean  maximum  weekly  temperatures  at 
the  time  the  fish  were  enumerated  at  the 
upstream  trap  appears  to  be  an  intimate 
one.  Typically,  the  early  run  of  Arnica 
spawners  suffers  a  high  mortality,  followed 
by  a  decrease  in  death  rate  at  the  time  the 
peak  of  the  run  passes  upstream.  There- 
after, the  group  mortality  rate  increases 
rapidly,  *allo wing  few  survivors  to  escape 
back  into  the  lake  from  the  terminal  por- 
tion of  the  run.  The  high  mortality  experi- 
enced by  the  early  run  fish  appears  to  be 
independent  of  the  detrimental  effects 
associated  with  excessive  stream  tempera- 


tures. During  the  latter  half  of  the 
spawning  runs,  a  relation  between  high 
mortalities  and  high  water  temperatures 
becomes  apparent. 

Spawners  tend  to  spend  less  time  in  the 
stream  as  the  season  progresses.  The 
early  run  may  remain  in  Arnica  as  much 
as  2.0  to  2.5  times  as  long  as  the  average 
spawner.  Survivors  of  the  last  portion  of 
the  spawning  migration  usually  spend 
about  half  as  long  in  the  stream  as  the  aver- 
age. These  calculations  are  in  agreement 
with  the  observations  of  Welsh  (1952)  and 
Cope  (1956),  who  noted  that  the  early 
Arnica  Creek  spawners  characteristically 
utilized  the  spawning  gravels  in  the  upper 
portion  of  the  stream.  The  main  seg- 
ment of  the  spawning  run  tended  to  dis- 
tribute itself  mostly  in  the  middle  and 
lower  stream  sections,  and  the  late  spawn- 
ers concentrated  nest  building  activities 
in  that  stream  segment  closest  to  the  trap 
site.  Although  these  late  spawners  travel 
the  least  distance  upstream  to  spawn  and 
spend  the  least  amount  of  time  in  the 
stream  itself,  it  is  they  who  are  subjected 
to  the  highest  stream  mortality.  Length 
measurements  show  that  the  early  portion 
of  the  Arnica  Creek  run  is  composed  of 
the  older  and  larger  fish.  The  high  spawn- 
ing mortality  characteristically  incurred  by 
these  fish,  while  not  related  to  adverse 
temperature  conditions,  may  be  attribut- 
able to  a  combination  of  causes.  They 
may  include  age,  length  of  time  in  the 
stream,  and  torrential  runoff  conditions. 
High  water  may  induce  physical  injury 
and  fatigue  leading  to  death. 

Effects  of  artificial  spawning. — At  Peli- 
can Creek  in  1950  both  natural  spawners 
and  artificially  stripped  adults  that  had 
been  thrown  upstream  from  the  trap  after 
stripping  were  tagged.  While  both  male 
and  female  artificially  spawned  fish  re- 
mained in  the  stream  for  over  a  week,  no 
difference  between  the  two  groups  in  time 
spent  upstream  was  detected.  No  data 
are  at  hand  to  show  why  there  was  no 
immediate  movement  of  hatchery-proc- 
essed fish  back  into  the  lake.     Possibly 
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it  may  be  attributed  to  the  retention  of  sex 
products  not  taken  by  the  fish  culturists, 
or  to  a  period  of  recuperation  from  effects 
induced  by  handling.  A  marked  differ- 
ence between  natural  spawners  and  arti- 
ficially spawned  fish  in  average  time  spent 
in  the  stream  was  noted.  Another  im- 
portant feature  of  this  tagging  procedure 
was  the  determination  that  artificially 
spawned  fish  lost  less  weight  than  did  the 
other  group. 

Marking  of  1,135  hatchery-spawned  fish 
and  356  liberated  for  natural  reproduction 
was  also  performed  at  Chipmunk  Creek  in 
1950.  The  procedure  resembled  the  Peli- 
can Creek  operation  of  the  same  year. 
At  Chipmunk  Creek,  however,  abundant 
tag-return  data  did  not  become  available 
either  from  downstream  sampling  or  from 
the  fishery.  Therefore,  stream  mortality 
for  these  two  groups  at  Chipmunk  Creek 
could  not  be  reliably  estimated.  The 
indications  from  the  ratios  of  tag  returns 
from  both  groups  collected  from  dead  fish 
in  the  stream,  the  downstream  sampling, 
Molly  Island  returns,  and  1950-52  trap 
and  fishery  returns  were  that  hatchery- 
processed  fish  had  a  better  survival  than 
did  natural  spawners. 

This  condition  is  in  contrast  with  the 
results  obtained  in  the  identical  operation 
at  Pelican  Creek.  At  the  northern  trib- 
utary where  hatchery-processed  fish  were 
tagged  uniformly  throughout  the  spawning 
migration,  their  mortality  was  somewhat 
higher  than  that  of  the  group  released 
upstream  for  natural  reproduction.  It 
was  calculated  that  the  entire  group  of  Pel- 
ican Creek  natural  spawners  incurred 
stream  mortality  of  63  percent.  The  latter 
portion  of  this  tag  group,  the  late  spawners, 
suffered  an  estimated  80  percent  mortality. 
The  stripped  fish  were  tagged  only  during 
the  latter  part  of  the  run.  Their  spawning 
mortality  was  measured  as  94  percent,  or 
14  percent  higher  than  the  corresponding 
segment  of  the  natural  spawn er  group. 
Therefore,  a  combination  of  the  high 
stream  temperatures  and  multiple  han- 
dling may  well  have  affected  this  tag  group 


more  adversely  than  the  natural  spawners. 
The  apparent  reversal  of  this  situation  at 
Chipmunk  Creek  may  best  be  explained 
by  the  predator  and  temperature  relations. 
The  lower  water  temperatures  at  Chip- 
munk Creek  (table  2)  may  not  have  ad- 
versely influenced  those  fish  handled  for 
stripping  and  tagging  purposes  to  the 
extent  that  presumably  occurred  at  Pelican 
Creek.  Because  Chipmunk  Creek  fish 
released  upstream  for  natural  spawning 
stayed  in  the  stream  for  a  longer  time  than 
those  released  after  stripping,  their  period 
of  vulnerability  to  predation  by  pelicans 
was  lengthened  and  the  chance  for  capture 
was  enhanced.  Fish  reproducing  under 
natural  conditions  usually  penetrate  to 
shallower  parts  of  the  stream  during  mi- 
gration and  spawning,  and  thus  become 
more  available  to  the  birds.  Field  obser- 
vations have  shown  that  adults  before 
and  during  spawning  activities  react  less 
to  the  approach  of  human  beings  and  other 
animals  than  do  postspawners.  'In  agree- 
ment with  the  Pelican  Creek  results  was 
the  fact  that  Chipmunk  Creek  natural 
spawners  spent  from  2  to  3  times  as  long 
in  the  stream  as  did  those  that  had  been 
stripped. 

Alternate  and  consecutive  spawning. — The 
consequences  of  spawning  may  influence 
the  number  of  postspawners  that  repro- 
duce a  second  time.  Belding  (1934)  found 
that  less  than  10  percent  of  Atlantic  salm- 
on returned  from  the  sea  to  spawn  a 
second  time.  Canadian  Department  of 
Fisheries'  records  were  cited  in  the  same 
report,  giving  a  figure  of  2.12  percent  for 
return  spawners.  Vibert  (1950)  stated  for 
the  same  species  that  a  maximum  of  3.8 
percent  of  the  mature  fish  he  had  worked 
with  had  spawned  previously.  Less  than 
10  percent  of  the  cutthroat  trout  of  Blue 
Lake,  California,  reproduced  a  second 
time  (Calhoun,  1944).  Tagging  at  Yellow- 
stone demonstrated  that  an  average  of 
1.22  percent  of  the  spawning  runs  was  com- 
posed of  fish  that  had  spawned  before.  As 
a  rule,  only  7  percent  of  the  postspawners 
that  survived  the  winter  spawned  again 
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Table   17. — Summary  of  data  on  alternate  and  consecutive  spawning,  from  repeat  spawners  entering 

traps  in  spawning  streams,  by  years,  1950-55 
[A=number  of  tagged  fish  in  the  lake;  B= number  of  fish  returning;  C= percentage  of  available  spawners  returning] 


Returns  to  fish  traps 

Stream  and  year  of  tagging 

1950 

1951 

1952 

1953 

1954 

1955 

Total 

A 

B 

C 

A 

150 

B 

51 

C 
33.1 

A 

37 

193 

B 

16 
12 

C 

43.2 
6.2 

A 

B 

C 

A 

B 

C 

A 

B 

C 

A 

B 

C 

Arnica  Creek: 

1950 

1951 

51 
33 

9 
2 

17.6 
5.4 

1952 

9 
204 

5 
20 

55.6 
9.7 

1953 

53 

9 

17.0 

Total,  consecutive 

580 
150 

85 
39 

14  7 

Total,  alternate 

26.0 

Pelican  Creek: 

1949 

138 

2 

1.5 

35 

108 

4 
2 

11.4 
1.9 

1950 

28 
232 

7 
5 

25.0 
2.1 

1951 

57 
107 

17 
15 

29.8 
14.0 

1952 

26 
227 

11 

16 

42.3 
7.0 

1953      

55 

9 

16.4 

812 
201 

40 

48 

4.9 
23.9 

Total,  alternate 

Clear  Creek: 

1953 

182 

2 

1.1 

47 

5 

10.6 

Total,  consecutive 

182 

47 

2 
5 

1  i 

Total,  alternate .- 

10.6 

Grouse  Creek: 

1951 

239 

5 

2.1 

94 
42 

26 

6 

27.7 
14.3 

1952    

11 
27 

2 
3 

18.2 
10.7 

1953      

7 

1 

14.3 

Total,  consecutive 

308 
112 

14 
29 

4  5 

25  9 

Chipmunk  Creek: 

1950      

56 

7 

12.5 

0) 

0) 

(0 

7 
120 

4 
13 

57.1 
11.7 

1953                

29 

5 

17.2 

462 
92 

22 
16 

4.8 

17  4 

455 

8 

1.8 

258 
35 

53 

4 

20.5 
11.4 

664 
121 

22 
30 

3.3 

24.8 

207 
202 

26 

52 

12.3 

25.7 

760 
53 

54 
22 

7.2 
41.5 

All  streams  by  tag  group: 

2,344 
602 

163 
137 

6.9 

Alternate 

191 

29 

15.2 

??  8 

'No  trap  maintenance  in  1951. 

the  following  year  as  consecutive  spawners. 
Very  few  fish  reproduced  two  years  in  suc- 
cession. An  estimated  22.8  percent  of 
those  few  surviving  through  their  second 
winter  entered  the  spawning  run  for  the 
second  time.  Rarely  did  an  adult  cut- 
throat spawn  3  years  in  succession. 

In  15  cases  where  the  return  of  spawners 
from  a  group  of  tagged  fish  was  measured, 
alternate  spawners  outnumbered  consecu- 
tive spawners  in  seven  instances  (table  17). 
A  total  of  300  tagged  fish  returned  to  the 
traps  as  repeat  spawners,  of  which  137 
(45.7  percent)  spawned  for  the  second 
time  after  a  2-year  delay.  There  was 
always  a  greater  percentage  return  of  al- 
ternate spawners  in  terms  of  the  number 
surviving.  The  consecutive  spawners 
varied  from  1.1  to  14.7  percent  and  aver- 
aged 6.9  percent  of  those  available  as 
spawners  at  the  time.  On  the  other  hand, 
the  number  of  alternate  spawners  ranged 


from  10.6  to  26.0  percent,  averaging  22.8 
percent.  The  returns  to  the  various 
streams  generally  fluctuated  equally  about 
the  mean  from  year  to  year. 

The  significance  of  this  is  that  adult  trout 
entering  a  tributary  to  Yellowstone  Lake 
will  seldom  spawn  a  second  time.  Conse- 
quently, the  runs  are  made  up  largely 
(always  in  excess  of  90  percent)  of  fish 
spawning  for  the  first  time. 

This  alternate-consecutive  spawning 
concept  appears  to  have  a  physiological 
basis.  The  task  for  postspawners  to  re- 
gain sufficient  food  stores  and  an  adequate 
physical  condition  to  survive  the  winter 
is  difficult.  Presumably,  during  the  winter 
they  are  almost  completely  dependent  on 
an  intrinsic  source  of  food.  In  the  Yellow- 
stone environment,  few  postspawners 
would  be  physically  able  to  develop  sex- 
ually as  consecutive  spawners  during  this 
period  of  time.     Even  the  following  year 
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Table  18. — Average  mortalities  and  survivals  in  Arnica  Creek  spawning  run 
a  period  of  2  years,  based  on  the  history  of  spawning  runs  from 

of  1,000  spawners  covering 
1950  to  1953 

Phase  of  life  history- 

Mortalities  (number  of  fish) 

Survivals 
(number 
of  fish) 

Chronology 

Age 

Stream 

Fishing 

Lake 

predominance 

1,000 

May- June 

III-IV-V 

481 

519 

60 

June-Sept 

319 

June-May 

140 
10 

May 

IV-V-VI 

May- June 

5 

130 
135 

16 

June-Sept 

83 

June-May 

36 

May 

V-VI-VII 

486 
48.6 

76 
7.6 

402 
40.2 

36 
3.6 

finds  only  about  75  to  80  percent  of  the 
surviving  fish  capable  of  reproducing 
again. 

The  potential  of  repeat  spawners  is  de- 
picted in  table  18.  Beginning  with  a 
spawning  run  of  1,000  fish,  average  mor- 
talities derived  from  stream  locations,  to 
be  discussed  later,  are  imposed.  These 
data  demonstrate  that  only  10  fish  will 
function  as  consecutive  spawners,  and  the 
potential  alternate  spawners  number  42. 
Thus,  the  maximum  number  of  fish  spawn- 
ing a  second  time,  assuming  that  all  of  the 
potential  alternate  spawners  will  return  to 
spawn,  would  not  exceed  5.2  percent  of  the 
original  1,000  adults.  The  expected  re- 
turn of  repeat  spawners,  however,  would 
be  about  2.4  percent  (one-third  of  5.2  per- 
cent, those  available  to  spawn  a  second 
time) . 

The  white  pelican  and  the  cutthroat. — The 
white  pelican  colony  at  Molly  Island  in  the 
southeast  arm  of  Yellowstone  Lake  is  im- 
portant in  relation  to  trout  in  this  drain- 
age. It  was  "conservatively"  estimated 
in  1922  that  around  300,000  cutthroat 
trout  were  consumed  annually  by  these 
piscivorous  birds  (Ward,  1922).6  This 
figure  may  apply  from  year  to  year,  since 
the  number  of  pelicans  breeding  in  Yellow- 
stone Park  seems  to  have  remained  rather 
stable  for  many  years. 

6  Ward,  H.  B.  The  pelicans  of  Yellowstone  Lake.  Manu- 
script prepared  for  U.S.  Bureau  of  Fisheries  in  cooperation  with 
U.S.  National  Park  Service,  1922.    20  pp. 


Grinnell  (1876)  reported  pelicans  to  be 
"very  abundant"  at  the  time  of  his  visit  in 
1875.  Skinner  (1925)  observed  from  500 
to  700  birds  visiting  the  rookery  annually 
from  1898  to  1917.  In  the  summer  of 
1922,  Ward  estimated  about  500  to  600 
adults  and  200  fledglings.  Bird  banding 
teams  of  the  National  Park  Service  from 
1949  to  1951  estimated  from  450  to  500 
adult  pelicans  frequenting  the  islands 
annually.  Biologists  of  the  Fish  and 
Wildlife  Service  counted  more  than  400 
adult   birds  in   1953. 

From  1924  to  1931  the  pelican  popula- 
tion was  controlled  by  reduction  in  the 
number  of  eggs  and  adults.  After  control 
was  terminated,  Thompson  (1932)  report- 
ed only  300  adults  and  100  young.  Since 
1932,  the  white  pelicans  have  received 
complete  protection.  The  public  is  for- 
bidden to  land  or  approach  the  two  Molly 
Islands  in  the  Southeast  Arm.  This 
breeding  colony,  therefore,  is  legally  pro- 
tected from  exploitation,  afforded  pro- 
tection from  man  by  restricting  of  boat 
travel  to  the  area,  sheltered  from  mammal 
predation  by  virtue  of  the  rookery's 
separation  from  the  mainland,  furnished 
a  ready  access  from  the  nesting  sites  to 
the  water  for  the  young  pelicans,  and 
surrounded  by  an  abundant  supply  of  fish 
which  become  particularly  available  dur- 
ing the  spawning  migrations  into  tribu- 
taries of  Yellowstone  Lake.     These  con- 
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ditions  favor  survival  of  immature  birds, 
and  the  perpetuation  of  the  colony. 

The  first  group  of  adult  pelicans  may 
arrive  at  Yellowstone  Lake  as  early  as 
May  1,  and  the  rest  of  the  colony  will 
arrive  in  groups  later  in  the  month.  The 
early  arrivals  begin  their  fishing  activities 
along  the  Yellowstone  River.  Later, 
when  the  ice  begins  to  leave  the  lake,  the 
birds  retire  to  the  Molly  Islands  and  begin 
breeding  activities. 

Two,  occasionally  one  or  three,  eggs 
per  nest  are  laid  in  May  or  early  June. 
The  incubation  period  is  three  or  four 
weeks.  The  simply  constructed  nest  are 
guarded  by  both  parents,  one  at  a  time, 
at  least  during  the  incubation  of  the  eggs 
and  early  rearing  of  the  young.  While 
one  parent  is  away  foraging  for  fish,  the 
other  parent  remains  on  the  nest.  The 
morning  flight  has  been  observed  to 
leave  the  Yellowstone  rookery  around 
daybreak  and  return  around  noon.  The 
other  parent  then  spends  the  afternoon 
fishing,  returning  to  the  nesting  area 
around  dusk.  Feeding  may  continue  into 
the  night,  as  observed  by  Low,  Kay,  and 
Rasmussen  (1950).  Newly  hatched  pel- 
icans feed  upon  the  regurgitated  fish 
offered  by  their  parents.  Growth  is 
extremely  rapid.  The  adult  birds  must 
not  only  satisfy  their  own  enormous 
appetites,  but  those  of  the  growing  off- 
spring. Studies  at  Molly  Island  indicate 
a  third  to  a  half  of  the  total  egg  produc- 
tion survive  to  the  fall  as  juvenile  birds. 

The  feeding  and  nesting  times  of  the 
adult  pelicans  at  Yellowstone  coincide 
precisely  with  the  time  that  the  mature 
cutthroat  enter  the  spawning  tributaries 
and  become  available  to  pelicans.  Both 
parent  birds  have  a  limited  time  for  for- 
aging before  returning  to  the  rookery  when 
the  eggs  are  incubated  and  the  young  birds 
protected.  This  occurs  when  the  trout 
are  spawning.  Hall  (1925)  appropriately 
suggested  that  "the  white  pelican  eats  the 
food  most  easily  secured."  During  the  50 
or  60  days  of  the  movement  of  trout  into 
tributaries  of  Yellowstone  Lake,  the  peli- 


cans prey  almost  exclusively  upon  this 
available  and  vulnerable  fish.  This  view 
agrees  with  the  field  observations  of  Ward, 
who  indicated  that  the  white  pelicans  of 
Molly  Island  "were  most  abundant  on 
streams  where  the  spawning  runs  were 
the  largest."  Ward  also  estimated  that 
Yellowstone  trout  made  up  98  to  100  per- 
cent of  the  pelican's  diet,  particularly 
during  the  time  of  trout  spawning. 

Later  in  the  season  when  the  immature 
pelicans  require  less  protection,  both  par- 
ent birds  can  be  absent  from  the  rookery 
for  longer  periods  of  time.  The  surviving 
trout  have  returned  from  the  streams  to 
the  lake,  and  are  less  vulnerable  to  cap- 
ture; consequently,  the  pelicans  may  feed 
in  waters  some  distance  removed  from  the 
Southeast  Arm  of  Yellowstone  Lake. 
Then,  too,  more  time  and  effort  may  be 
devoted  to  obtaining  mature  and  imma- 
ture trout  and  suckers  from  shoal  areas  of 
the  lake.  Large  flights  of  adult  pelicans 
have  been  noticed  leaving  Yellowstone 
Lake  in  the  late  summer,  presumably  in  a 
search  for  fishing  grounds  elsewhere  (Skin- 
ner, 1925).  Pelicans  have  been  known  to 
make  daily  flights  of  100  to  150  miles  to 
obtain  their  fish  (Low,  Kay,  and  Rasmus- 
sen,  1950). 

The  brown  pelican  (Pelecanus  occiden- 
talis)  characteristically  captures  fish  by 
diving  from  a  considerable  height  directly 
onto  the  water.  The  white  pelican  fishes 
while  on  the  surface  of  the  water  and  ob- 
tains prey  by  rapidly  plunging  its  head 
into  the  water.  Pelicans  are  patient  and 
efficient^  predators  both  in  the  streams  and 
in  the  lake.  Observers  have  seen  them 
team  up  in  a  line  and  herd  fish  into  shallow 
areas  of  Yellowstone  Lake  where  capture 
was  easier. 

To  estimate  total  mortality  of  trout 
from  pelican  predation,  it  is  necessary  to 
know  at  what  rate  fish  are  captured.  In- 
formation on  consumption  rate  and  growth 
of  young  has  been  provided  by  Hall  (1925) 
for  white  pelicans  of  Pyramid  Lake,  Ne- 
vada. The  fledglings  ate  about  half  a 
pound  of  fish  a  day  10  days  after  hatching. 
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Table  19. — Food  consumption  of  the  white  pelican  at  Yellowstone  Lake 

[In  pounds  of  fish] 


Number  of  pelicans 

During  a  feeding  day 

During  a  55-day 
spawning  cycle 

During  a  100-day 
lake  residence 

Hall 

Ward 

Average 

Hall 

Ward 

Average 

Hall 

Ward 

Average 

1                         ..    .. 

4 
400 
800 
1,200 
1,600 
2,000 
2,400 
2,800 

11 
1,100 
2,200 
3,300 
4,400 
5,500 
6,600 
7,700 

7.5 
750 
1,500 
2,250 
3,000 
3,750 
4,500 
5,250 

200 

22,  000 
44,  000 
66,  000 
88,  000 
110,  000 
132,  000 
154,  000 

605 
60,  500 
121, 000 
181,  500 
242,  000 
302,  500 
363,  000 
423,  500 

412 
41, 200 
82,  400 
123, 600 
164,  800 
206,  000 
247, 200 
288,  400 

400 
40,  000 
80, 000 
120,  000 
160,  000 
200,  000 
240,  000 
280,  000 

1,100 
110, 000 

750 

100                         

75. 000 

200                          - 

220,000  !       150.000 

300                      

330,  000 

225, 000 

400                      - 

440,  000 
550,  000 
660,  000 
770,  000 

300, 000 

500 

375, 000 

600                    

450, 000 

700                     

525, 000 

A  month  after  hatching,  their  consumption 
had  increased  to  2  pounds  of  fish  each  day. 
At  this  time,  the  down-covered  birds 
weighed  6  to  7  pounds.  Fifteen  days  later, 
55  days  after  hatching,  they  had  attained 
weights  of  10  to  12  pounds,  and  their  daily 
food  consumption  had  doubled.  The  first 
flight  trials  occurred  around  the  63d  day, 
at  which  time  each  surviving  offspring  had 
accounted  for  a  total  of  150  pounds  of  fish. 
They  then  weighed  12  to  13  pounds  and 
exhibited  appetites  characteristic  of  adult 
birds. 

Hall's  estimate  of  the  consumption  rate 
for  adult  birds  is  4  pounds  of  fish  per  day. 
He  stated,  however,  that  "  pelicans  fre- 
quently fish  until  the  esophagus  up  to  the 
mouth  is  filled  and  greatly  distended." 
Bent  (1922)  often  observed  a  captive  white 
pelican  consuming  6  to  8  pounds  of  food  at 
a  single  meal.  In  a  tributary  to  Yellow- 
stone Lake,  Ward  witnessed  a  rate  of 
capture  of  2  adult  fish  per  hour.  Fishing 
at  least  6  hours  per  day  during  the  first  2 
months  at  the  rookery,  each  parent  bird 
would  take  about  12  fish  (10  to  12  pounds) 
per  day.  A  portion  of  the  food  taken,  of 
course,  would  be  fed  to  the  fledglings. 
From  these  data,  Ward's  mortality  esti- 
mate of  300,000  adult  trout  was  computed 
only  through  the  50-day  spawning  cycle 
of  the  fish.  The  rest  of  the  time  spent 
fishing  by  the  pelicans  was  not  included; 
hence,  his  estimate  was  considered  to  be 
minimal.  The  utilization  rates  by  white 
pelicans  at  various  population  levels  and 
using  consumption  rates  of  Hall,  Ward, 
and  a  mean  rate  of  7.5  pounds  per  day 
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have  been  consolidated  in  table  19.  Con- 
sumption is  given  in  pounds,  and  conver- 
sion to  fish  numbers  is  accomplished  by 
using  a  factor  of  1.14,  a  figure  derived 
from  average  weights  of  adult  fish  in  the 
population. 

Immature  pelicans  are  fed  by  their 
parents  for  about  75  days  at  Molly  Island; 
that  is,  to  the  time  of  southward  departure 
in  early  September.  Since  each  fledgling 
consumes  approximately  150  pounds  of 
fish  during  the  first  63  days  and  with  a  low 
daily  consumption  rate  of  4  pounds  there- 
after, each  bird-of-the-year  requires  almost 
200  pounds  of  food  to  the  time  of  migra- 
tion. Assuming  these  fish  to  be  adult 
cutthroat  trout  from  Yellowstone  Lake, 
then  the  200  young  reared  at  Molly  Island 
in  1953  alone  accounted  for  at  least  40,000 
trout. 

Yellowstone  Lake  and  its  tributaries  are 
favorable  for  pelican  feeding.  Not  only 
are  cutthroat  trout  the  principal  inhabit- 
ants of  the  lake,  but  they  become  highly 
vulnerable  to  pelicans  and  other  predators 
during  temporary  stream  residence  as 
spawners.  In  a  single  day  a  population  of 
500  adult  pelicans  may  capture  3,750 
pounds  of  fish  (4,275  adult  trout).  During 
the  55-day  spawning  cycle  of  the  trout, 
the  same  number  of  birds  can  account  for 
234,840  fish.  Even  Hall's  minimal  con- 
sumption rate  extended  over  this  2-month 
period  totals  125,400  trout.  Regardless 
of  which  consumption  rate  is  most  appro- 
priate, there  is  little  doubt  that  the  white 
pelican  is  the  principal  animal  predator 
on  adult  cutthroat  trout  at  Yellowstone 


Table  20. — Record  of  tag  recoveries,  1949  to  1954 
[Numbers  in  parentheses  denote  returns  from  stream  fishing  other  than  Yellowstone  River] 


0 
be 

| 

CO 

o 

ffi 

a 

Numbers  of  tags  recovered 

1949 

1950 

1951 

1952 

1953 

1954 

Tag  group 

b 

C9 

43 
>> 

€ 
3 

© 

1 
*co 

O 

3 

>> 

to 

(3 
09 

2 

>> 

M 

CO 

T3 

PI 

CO 

O 

>> 

43 

o 

>> 

CD 

■9 

T3 

5 

CO 

O 

o 

1949: 

nhipmnnlr  Creek 

649 

750 

1,491 

2,200 

965 

1,196 

1,295 

1,252 

399 

408 
125 

492 
202 

744 
167 
958 
400 
454 
265 

440 
112 

431 
172 

1,246 
77 

1,019 
353 
379 
275 

497 
595 

11 

27(4) 

28 
33 

35 

14(2) 

19 

54(15) 

44 

0 
0 

30 
20 
0 

0 
0 

12 
9(2) 
17 

29 

75(20) 

82 

89 

0 
0 

0 
0 
0 

11 

2 
3 

1 

0 
0 

i 
l 

2 

15 

28(3) 
12 
22 

2 
9 

3 

2 

72(11) 
20(2) 
40 
71 
63 
1 

0 
0 

0 
0 
0 

0 
0 
0 
0 

27 
0 

49 
0 

5 
1 
9 
0 
0 
0 

0 
0 

0 
0 
0 

0 

1 

0 

7 

0 
2 

2 

1 

13(1) 

1 

3 
24 
20 

0 

11 

5 

5 

7 

114(7) 
2 

40 
29 

78 
68 

24(5) 
19 

0 
0 

0 
0 
0 

0 
0 
0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 

22 

1 

28 
0 

4 

1 

3 
3 

1 
0 

1 
1 

0 
0 

0 

l 

0 

0 
0 
0 

1 

0(2) 
0 

0 
6 

7 
0 
7 
1 
2 
0 

7 
1 

2 
0 

30(1) 
1 

12 

5 

9 
11 

11 
4 

0 
0 

0 
0 
0 

0 
0 
0 
0 

0 
0 

0 
0 

0 
0 
0 
0 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 
0 
0 

0 
0 

74 
80 

62 
102 
63 

55 
129 

97 
120 

31 
11 

54 
9 

•109 

Pelican  Creek 

1950: 

Arnica  Creek 

1951: 

Grouse  Creek      

1952: 

Chipmunk  Creek: 

Up 

Grouse  Creek: 
Up 

Pelican  Creek: 

Up 

24 

59 

96 

85 

Southeast  arm 

1953: 

Chipmunk  Creek: 

Up 

40 

7 

Grouse  Creek: 

Up 

35 

7 

Pelican  Creek: 
Up 

156 

Down 

4 

Arnica  Creek: 

Up 

55 

Down 

37 

88 

Trap  net 

79 

Clear  Creek: 

Up.. 

41 

Down 

24 

Total 

20,008 

38(4) 

61 

166(17) 

50 

313(22) 

17 

364(16) 

91 

476(13) 

65 

108(3) 

0 

1,834 

Lake.  Animal  predation  probably  has 
always  accounted  for  more  trout  than  has 
the  sport  fishery. 

The  return  of  fish  tags  from  fecal  de- 
posits on  Molly  Island  gives  an  indication  of 
the  area  and  relative  impact  of  pelican 
activity,  although  not  all  tags  are  returned 
to  the  rookery  (see  table  20). 

These  data  demonstrate  that  pelicans 
concentrate  their  fishing  largely  in  the 
southern  part  of  the  lake.  Chipmunk  and 
Grouse  Creeks  provided  greater  numbers 
of  recovered  tags  than  did  other  tagging 
locations,  as  illustrated  in  figure  5.  Field 
observations  over  a  period  of  several  years 


have  detected  large  concentrations  of 
these  birds  to  be  associated  with  the 
spawning  runs  of  the  larger  tributaries  in 
the  South  and  Southeast  Arms.  The  large 
number  of  Pelican  Creek  tags  recovered 
from  the  rookery  in  1949  may  be  related 
to  the  unusually  large  spawning  run  that 
entered  the  stream  that  year. 

All  Arnica  Creek  tags  that  were  re- 
covered on  the  Molly  Islands  came  from 
fish  that  had  been  checked  through  the 
downstream  trap,  suggesting  that  lake 
predation  is  probably  characteristic  for 
postspawners  from  stream  areas  farthest 
removed  from  Molly  Island.     In  general, 
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49         50        52        53 
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51  52        53 

GROUSE  CR. 


51  52        53 

CASCADES 


PLACE     AND    YEAR     OF      TAGGING 

Figure  5. — Results  of  tag  collections  from  the  pelican  rookery  at  Molly  Island,  1949-53. 


stream  predation  predominates  in  the 
southern  half  of  Yellowstone  Lake,  and 
especially  in  the  larger  tributaries. 

Increased  vulnerability  of  fish  with 
bright-colored  tags  to  pelican  predation, 
as  compared  with  those  without  tags,  has 
been  considered  in  these  studies.  Of  the 
2,203  tags  applied  at  Pelican  Creek  in  1950, 
1,878  were  yellow  and  325  were  dull  green. 
The  subsequent  returns  from  Molly  Island 
totaled  20  and  consisted  of  17  yellow  and 
3  green  tags.  Thus,  where  tags  of  two 
colors  of  different  degrees  of  brightness 
were  applied  at  a  single  location,  the  two 
colors  were  apparently  taken  by  pelicans 
at  about  the  same  rate.  No  estimate  of 
increased  susceptibility  to  capture  due  to 
the  presence  or  absence  of  a  tag,  or  to  any 
difference  between  bright-yellow  and  dull- 
green  tags,  is  available. 

The  recovery  of  fish  tags  from  the  white 
pelican  rookery  at  Molly  Island,  and  eco- 
logical studies  on  this  bird  and  the  fish 


population,  bear  out  the  following  con- 
clusions: (1)  The  principal  animal  predator 
of  the  trout  of  Yellowstone  Lake  is  the 
pelican,  which  draws  its  toll  principally 
from  mature  fish  in  May,  June,  and  July; 
(2)  total  natural  mortality  inflicted  by  peli- 
cans presently  exceeds  the  mortality 
resulting  from  the  sport  fishery;  (3)  the 
spawning  runs  of  the  southern  part  of  the 
lake  are  most  seriously  affected  where  these 
birds  forage  principally  at  the  mouths  of 
larger  tributaries  and  on  the  spawning 
gravels ;  (4)  fish  in  the  northern  and  West 
Thumb  sections  of  Yellowstone  Lake  are 
relatively  little  affected,  and  stream  fishing 
by  pelicans  there  is  more  common  than  is 
lake  fishing;  (5)  although  pelicans  may  fre- 
quent the  upper  Yellowstone  River  and 
its  tributaries  in  large  numbers,  the  river 
below  fishing  bridge  is  visited  by  relatively 
small  numbers  of  birds  throughout  the 
season ;  and  (6)  the  take  of  fish  by  the  pel- 
icans appears  to  be  a  combined  function  of 
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availability  of  fish,  proximity  of  fishing 
areas  to  the  rookery,  size  of  stream  or 
depth  of  lake,  and  amount  of  human  activ- 
ity in  the  area. 

Summary  of  mortality  associated  with 
spawning. — The  conditions  that  influence 
spawning  mortality  of  cutthroat  trout  may 
be  summarized  as  follows : 

1.  Of  adult  fish  migrating  into  tribu- 
taries of  Yellowstone  Lake,  more  than  90 
percent  are  initial  spawners  between  3  and 
5  years  of  age. 

2.  Time  spent  in  the  stream  by  both 
sexes  varies  during  the  spawning  run,  and 
appears  to  depend  on  aquatic  conditions. 
Males  usually  remain  upstream  longer 
than  females.  This  is  at  least  partly  due 
to  the  numerical  dominance  of  females  in 
the  runs,  necessitating  multiple  servicing 
by  males. 

3.  The  total  loss  of  body  weight  (sex 
products  and  stored  fat  and  muscle)  by 
females  exceeds  that  by  males,  but  the 
males  lose  a  greater  percentage  of  fat  and 
muscle  than  the  females,  probably  because 
of  greater  activity  and  a  longer  time  in  the 
stream.  Under  adverse  conditions  the 
mortality  of  male  spawners  may  be  higher 
than  that  of  females.  An  equal  stream 
mortality  for  both  sexes  can  be  expected 
under  normal  conditions. 

4.  The  rate  of  stream  mortality  varies 
widely  from  stream  to  stream  in  any  given 
year,  and  in  the  same  stream  from  year 
to  year. 

5.  Sources  of  natural  mortality  in  the 
stream  differed  from  area  to  area.  The 
aquatic  environment  was  warmest  at 
Pelican  and  Arnica  Creeks,  and  the  rate 
of  spawning  mortality  was  highest  when 
the  stream  temperature  reached  a  peak. 
At  Arnica  Creek,  crowding  due  to  the 
relatively  large  spawning  run  for  the 
stream  size  made  spawners  more  vulner- 
able to  predation  by  bears.  At  Pelican 
Creek,  where  the  distance  to  the  spawning 
gravels  was  much  greater,  pollution  from 
geyser  basins  and  hot  mineral  springs 
materially  contributed  to  greater  year-to- 
year    fluctuations    in    stream    mortality. 


Grouse  and  Chipmunk  Creeks  support  a 
more  favorable  stream  condition.  Here, 
deaths  in  the  stream  are  largely  attribut- 
able to  predation  by  pelicans.  The  prox- 
imity of  both  streams  to  the  rookery  at 
Molly  Island,  the  limited  human  activity 
in  the  area,  and  the  sizes  of  the  tributaries 
and  spawning  runs  give  the  birds  ready 
access  to  the  spawning  fish.  At  all  loca- 
tions, stream  predation  by  pelicans,  bears, 
and  other  fish-eating  animals  account  for 
an  unknown  number  of  spawners  before, 
during,  and  after  egg  deposition.  In  the 
Fishing  Bridge  spawning  area,  the  fisher- 
men hold  the  same  relation  to  the  mature 
fish.  However,  even  if  activities  of  natu- 
ral and  human  predators  were  nonexistent, 
and  if  aquatic  conditions  were  ideal,  a 
significant  spawning  mortality  should 
nevertheless  occur.  The  tagging  opera- 
tion at  Clear  Creek,  a  stream  which  most 
closely  approaches  such  an  ideal  condition, 
supports  this  view. 

6.  Natural  mortality  in  the  stream 
itself,  subsequent  survival,  and  a  seldom- 
realized  second  spawning  are  functions 
of  the  physical  condition  and  activities 
of  the  adults  before  and  after  spawning. 
During  the  year  following  spawning, 
natural  mortality  accounts  for  about  60 
percent  of  those  that  survive  and  return 
to  the  lake.  These  deaths  are  assumed 
to  be  greatest  during  the  ensuing  winter. 
The  inability  of  postspawners  to  regain 
an  adequate  physical  condition  during  the 
summer's  feeding  to  meet  the  biological 
demands  of  the  severe  winter  environ- 
ment that  follows  may  largely  determine 
natural  mortality  in  the  lake. 

7.  The  conclusion  that  few  trout  spawn 
in  consecutive  years  has  a  sound  physiolog- 
ical basis.  Postspawners  are  seldom  in 
a  condition  to  mature  sex  products  for  the 
next  year  and  at  the  same  time  maintain 
themselves  through  the  winter.  Hence, 
the  following  summer  must  also  be  used 
for  recuperation.  Some  are  then  able  to 
function  the  second  spring  as  alternate 
spawners.  However,  natural  mortality 
through  the  postspawning  period  reduces 
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the  numbers  of  surviving  adults  so  greatly 
that  few  are  available  to  spawn  again. 

Fishing  mortality  of  postspawners 

Efficiency  of  tag  recoveries  in  1958. — 
A  roadblock  interview  with  fishermen 
was  made  to  obtain  data  pertaining  to 
tag-recovery  efficiency.  Table  21  shows 
that  of  the  35  tags  located  in  the  inter- 
views, it  was  decided  that  4  would  not 
have  been  turned  in.  Two  of  the  six 
tags  that  had  not  been  turned  in  before 
the  interviews  were  considered  to  be  tags 
that  would  have  been  returned.  The 
remainder  of  the  contacted  tags  (29)  had 
already  been  checked  in.  This  return  of 
31  out  of  35  tags  suggested  that  11.4 
percent  of  the  tags  from  fish  actually 
caught  by  the  fishermen  might  not  be 
returned. 

Lake  fishing.  —  Studies  on  fishing  mor- 
tality in  Yellowstone  Lake  were  carried 
on  in  several  ways,  with  tagging  as  a  tool 
to  relate  numbers  of  fish  caught  by  fisher- 
men to  numbers  previously  released  from 
traps  in  streams  or  into  the  lake.  Fish 
released  from  trap  nets  into  the  lake 
became  immediately  available  to  fish- 
ermen, but  those  trapped  in  streams 
often  were  delayed  in  their  entrance  into 
the  catch.  Most  fish  taken  in  lake  traps 
were  intercepted  on  their  way  to  spawning 
areas  near  Fishing  Bridge ;  those  released 
downstream  from  stream  traps  had  com- 


Table   21. — Tag-return  efficiency,   as  determined 
from  the  road-block  interview,  1953 


Number  of  tags 

Num- 
ber of 

Num- 

Date 

persons 

ber 

Would 

inter- 

who 

Turned 

have 

Not 

viewed 

fished 

Total 

in 

been 

turned 

in 

turned 
in 

June 

21 

2,687 

280 

0 

0 

0 

0 

28 

1,581 

345 

2 

2 

0 

0 

July 

5 

2,094 

371 

4 

4 

0 

0 

12 

1,757 

354 

1 

1 

0 

0 

19 

4,007 

686 

12 

7 

2 

3 

26 

1,791 

363 

7 

6 

0 

1 

Aug. 

2 

2,534 

194 

1 

1 

0 

0 

9 

1,906 

283 

4 

4 

0 

0 

16 

3,613 

436 

3 

3 

0 

0 

23 

1,149 

127 

0 

0 

0 

0 

30 

1,282 

116 

1 

1 

0 

0 

Sept. 

6 
Total 

1,630 

132 

0 

0 

0 

0 

26,031 

3,687 

35 

29 

2 

4 

pleted  their  spawning.  The  methods  of 
analysis  of  contributions  to  the  catch 
from  these  populations  varied  according 
to  the  circumstances  at  the  several 
locations. 

The  methods  employed  in  this  report 
differ  in  detail  and  application,  but  not  in 
principal,  from  those  of  Graham  (1938). 
The  effect  of  the  fishery  on  a  stock  of 
marked  fish  may  be  analyzed  from  an  in- 
stantaneous or  rate-of -fishing  standpoint 
and  as  a  seasonal  rate,  termed  fishing 
mortality. 

The  rate  of  fishing  uses  the  tag  returns 
for  each  tagging  location  during  a  time 
period  and  expresses  them  as  a  percentage 
of  the  cumulative  availability  of  that  par- 
ticular group  of  tagged  fish.  Since  tagging 
and  escapement  to  the  fishery  occurred  be- 
fore and  during  the  period  of  most  intense 
fishing,  the  number  of  tagged  fish  liberated 
into  the  lake  was  accumulated  (less  prior 
tag  returns)  to  the  end  of  each  time  period 
(cumulative  availability).  Analysis  was 
based  on  the  accumulation  of  nonaccount- 
able  tags  throughout  the  season.  No  cor- 
rection was  made  for  concurrent  natural 
mortality  throughout  the  fishing  period. 
The  rate  of  fishing  can  be  assumed  to  ap- 
proximate the  degree  of  exploitation  af- 
fecting that  population  of  adult  fish  at 
any  given  time. 

Fishing  rate  is  also  given  as  period  fish- 
ing returns  or  rate  of  tag  return.  This 
measure  presents  the  results  from  limited 
data  as  comparable  with  data  from  more 
extensive  experiments  where  the  rate  of 
fishing  analysis  was  used.  Period  returns 
expresses  the  number  of  tags  returned 
within  a  weekly  time  period  as  a  percent- 
age of  the  total  for  the  season  for  each 
group  of  tagged  fish. 

Two  independent  measures  of  seasonal 
fishing  mortality  are  used.  One,  tag 
group  fishing  mortality,  is  computed  from 
the  total  tag  returns  per  season  in  relation 
to  the  total  number  exposed  to  the  fishery. 
A  tag  group  includes  the  number  of  fish 
tagged  during  a  time  period.  Therefore, 
only  the  survivors  of  each  tag  group  become 
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exposed  to  the  fishing  pressure.  This 
measure  of  fishing  depends  on  precise  in- 
formation about  stream  mortality  rates, 
and  was  used  only  for  Arnica  Creek  from 
1950  to  1953.  The  period  of  stream  habi- 
tation and  the  time  of  tagging,  exposure 
to  the  fishery,  and  general  physical  con- 
dition of  postspawners  varies  for  each  tag 
group  throughout  the  season.  These  vari- 
ables determine  when  and  how  many  post- 
spawners enter  the  lake. 

The  second  measure  of  seasonal  fishing 
mortality,  time  group  fishing  mortality, 
deals  with  the  total  number  of  tagged  fish 
(time  group)  checked  downstream  into  the 
lake  during  a  time  period.  This  fishing 
mortality  expresses  the  number  of  tagged 
fish  taken  by  fishermen  during  the  season 
as  percentage  of  the  appropriate  time 
group.  A  time  group  originates  by  a  com- 
plete count  of  a  downstream  run  contain- 
ing tagged  fish  (Arnica  Creek,  1953).  If 
tagging  of  postspawners  takes  place,  the 
number  marked  each  week  is  also  a  time 
group  (Arnica  Creek,  1953;  Pelican  Creek, 
1952-53;  Chipmunk  and  Grouse  Creeks, 
1952-53;  Clear  Creek,  1953). 

The  principle  difference  between  these 
two  methods  lies  in  group  identification. 


Fishing  mortality  for  all  marked  fish  aver- 
aged through  the  entire  fishing  season  was 
used  at  most  stream  locations  because  tag- 
ging procedures  were  of  a  less  precise  na- 
ture than  those  used  at  Arnica  Creek. 

The  tagging  operations  at  the  Cascades 
and  trap  net  could  not  differentiate  tag 
and  time  groups;  consequently,  they  are 
identical. 

The  sparse  fishery  tag  returns  from 
Chipmunk  and  Grouse  Creeks  necessitated 
the  combining  of  measurements  of  fishing 
intensity  for  the  two  locations  in  1952  and 
1953.  This  procedure  was  considered  val- 
id because  the  streams  are  located  only  a 
few  miles  apart,  and  the  characteristics  of 
their  spawning  runs  and  the  subsequent 
tag  returns  from  the  fishery  were  similar 
in  pattern. 

Arnica  Creek  from  1950  through  1953 
provided  the  most  complete  mortality  data 
for  any  stream  location.  Stream  mortal- 
ity data  have  been  summarized  previously 
both  in  text  and  appendix  tables.  Meas- 
urements of  fishing  intensity  for  Arnica 
Creek  are  summarized  in  table  22.  The 
complete  data  from  which  this  summary 
was  prepared  appear  in  appendix  tables  1 
and  2. 


Table  22. — Measurements  o 

f  fishing  intensity  on  fish  tagged  at  Arnica  Creek,  1950-53 

Time  periods 

Tag  group  fishing  mor- 
tality (number  of  fish) 

Time  group 
fishing  mortal- 
ity (number  of 
fish)  1953 

Rate  of  fishing  (percent 
of  fish  available) 

Period  returns 
(number  of  fish) 

1950 

1951 

1952 

1953 

1950 

1951 

1952 

1953 

1950 

1951 

1952 

1953 

May  4-10 -- 

0 

23 

13 

13 

6 

10 

15 

16 

8 

7 

5 

0 

0 

0 

...... 

10 

6 

4 

2 

0 

0 
11 
17 

0 

0 

15 
11 
6 
11 
10 
4 
12 
3 
0 
0 
0 
0 
0 

May  11-17 

14 

0 

16 

12 

10 

13 

6 

9 

1 

0 

0 

0 

0 

May  18-24 

33 

6 

6 

4 

10 

20 

17 

20 

17 

0 

May  25-31.    

June  1-7                     -  - 

0.5 
2.4 
1.4 
1.2 
1.0 
0.6 
0.6 
0.5 
0.2 
0.2 
0.2 
0.0 

0.0 
1.3 
1.6 
2.1 
1.7 
1.1 
1.8 
1.7 
0.3 
0.9 
0.6 
0.3 
0.3 
0.2 
0.0 

0.0 
1.8 
1.6 
1.0 
1.3 
1.4 
0.4 
0.4 
0.2 
0.0 
0.5 
0.2 
0.0 
0.0 
0.0 

June  8-14 

~~1~9~ 
0.8 
1.5 
0.9 
1.0 
1.1 
1.4 
1.0 
0.3 
0.3 
0.0 
0.0 
0.0 

...... 

5 

27 

16 

14 

11 

7 

7 

7 

2 

2 

2 

6 

10 

15 

12 

9 

15 

13 

2 

7 

5 

2 

2 

1 

13 

15 

13 

18 

20 

5 

5 

2 

...... 

2 

June  15-21 

13 

June  22-28 

6 

June  29- July  5 

13 

July  6-12 

10 

July  13-19 

12 

July  20-26 

13 

July  27- Aug.  2.       

16 

Aug.  3-9 

12 

Aug.  10-16 

0 

3 

Aug.  17-23 

0 
0 
0 

3 

Aug.  24-30 

Aug.  31-Sept.  6 

Sept.  7-13 

44 

82 

40 

69 

7.4 

11.1 

6.5 

7.9 

8.0 
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The  run  of  adult  fish  into  Arnica  Creek 
usually  begins  early  in  May  and  reaches  a 
peak  later  in  the  month  or  in  early  June. 
During  4  years  of  investigation,  more  than 
two-thirds  of  the  Arnica  postspawners 
entered  the  lake  each  year  between  June  1 
and  July  12.  Between  7.3  and  12.4  per- 
cent of  the  tagged  fish  were  later  caught  by 
the  fishermen.  Fishing  mortality  for  indi- 
vidual tag  groups  ranged  as  high  as  33 
percent.  The  tag  groups  entering  the 
stream  earliest  are  usually  more  efficiently 
harvested  than  are  those  tag  groups  from 
the  latter  part  of  the  spawning  run.  Time 
group  fishing  mortalities  in  1953  produced 
rates  in  keeping  with  those  estimated  for 
tag  groups. 

Arnica  Creek  fish  were  most  efficiently 
harvested  by  fishermen  after  the  first  week 
in  June  through  the  middle  of  July,  as 
indicated  by  the  rate-of -fishing  estimates. 
As  an  average,  the  rate  of  fishing  equaled 
or  exceeded  1.0  for  a  period  of  5  or  6  weeks 
each  season.  After  the  middle  of  July, 
the  fishery  for  Arnica  Creek  postspawners 
declined  markedly.  Year-to-year  vari- 
ations in  distribution  of  fishing  rates  within 
the  season  are  evident,  although  the  suc- 
cess with  which  they  are  harvested  for  an 
entire  season  appears  to  be  quite  stable. 

Period  returns  demonstrated  that  the 
catch  of  Arnica  Creek  fish  was  well  dis- 
tributed thoughout  the  fishing  season. 
Over  half  of  the  tagged  fish  were  taken 
from  the  last  week  in  June  through  the  end 
of  July.  In  1950,  the  period  of  June  29 
through  July  5  was  the  week  of  most 
successful  fishing  (rate  of  fishing,  2.4)  and 
the  week  of  the  greatest  number  of  tag 
returns  (27  percent  of  the  total  returns  at 
that  time).  However,  in  1952  the  most 
efficient  catch  took  place  from  June  8  to 
June  14,  and  the  greatest  number  of  post- 
spawners was  taken  during  the  period  from 
July  6  to  July  12. 

Usable  rates  of  fishing  were  also  ob- 
tained from  Pelican  Creek  for  1952  and 
from  Chipmunk  and  Grouse  Creeks  com- 
bined for  1952  and  for  1953  (table  23). 
The  complete  information  pertaining  to 


this  summary  can  be  studied  in  appendix 
tables  3  and  4.  The  most  efficient  fishing 
for  Pelican  Creek  fish  took  place  from  July 
20  to  July  26.  The  rate  of  fishing  was  3.2 
and  compares  with  maximum  values  of  1.8 
for  Arnica  Creek  and  1.7  for  Chipmunk 
and  Grouse  Creeks  for  the  same  year. 
Pelican  Creek  sustained  a  fishing  rate  of  1 
or  greater  over  a  period  of  5  weeks,  as  did 
Arnica  Creek  the  same  year.  Chipmunk 
and  Grouse  Creeks  supported  comparable 
rates  for  only  2  weeks  in  1952  and  1  week 
in  1953. 

Table  23. — Rates  of  fishing  obtained  from  tagging 
at  Pelican  Creek  for  1952  and  at  Chipmunk  and 
Grouse  Creeks  for  1952  and  1953 

[Expressed  as  number  of  tagged  fish  captured  per  100  available 
during  each  time  period] 


1  ime  period 


June  15-21 

June  22-28 

June  29-July  5. 

July  6-12- 

July  13-19 

July  20-26 

July  27-Aug.  2. 

Aug.  3-9 

Aug.  10-16 

Aug.  17-23 

Aug.  24-30 

Aug.  31-Sept.  6 
Sept.  7-13 


Rate  of  fishing  in- 


Pelican 
Creek 
1952 


0.0 
0.0 
0.6 
3.0 
1.9 
3.2 
1.3 
0.7 
2.0 
0.0 
0.0 
0.0 
0.0 


Chipmunk 

and  Grouse 

Creeks 

1952 


0.0 
0.0 
0.0 
1.3 
0.0 
1.7 
0.6 
0.9 
0.3 
0.0 
0.0 
0.0 
0.0 


Chipmunk 

and  Grouse 

Creeks 

1953 


0.0 
0.0 
0.0 
0.0 
0.7 
1.8 
0.7 
0.7 
0.0 
0.4 
0.0 


The  only  measurement  of  fishing  inten- 
sity furnishing  a  comparison  between  all 
tagging  operations  throughout  the  pro- 
gram is  the  period  fishing  returns.  A 
summary  of  first-year  returns  (tagged  fish 
caught  the  same  year  as  tagged)  for  each 
tagging  location  averaged  for  all  years  is 
seen  in  table  24.  Supplemental  data  per- 
taining to  period  tag  returns,  which 
includes  information  concerning  second- 
year  tag  returns  (tagged  fish  caught  the 
year  after  tagging),  may  be  found  in 
appendix  tables  5  and  6.  A  general 
resume  of  all  first  and  second  year  tag 
returns  is  included  in  appendix  table  7. 

Considering  all  areas  combined,  70 
percent  of  all  available  tagged  fish  were 
taken  by  fishermen  in  the  month  of  July. 
More  marked  fish  from  the  Cascades  and 
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Table  24. — Summary  of  first-year  period  fishing  returns  for  various  years  from  all  tagging  locations 
[Expressed  as  percentage  of  total  returns  for  each  stream] 


Period  tag  returns  from — 

Time  period 

Arnica 
Creek 
1950-53 

Pelican 
Creek 
1949-53 

Clear 
Creek 
1953 

Chipmunk 

and 

Grouse 

Creeks 

1949-53 

Cascades 
1951-53 

Trap  net 
1952-53 

All  areas 

June  1-7 

0.3 

2 

2 

3 
10 
13 
10 
21 
14 
10 

7 

4 

4 

1 

0.4 

3 

6 
26 
23 
18 
12 

5 

2 

1 

1 

0.4 

2 

3 

5 

16 
16 
13 
15 
10 

8 

5 

4 

2 

1 
.4 

1,112 

June  8-14 

4 
10 
10 
16 
12 
12 
11 
7 
7 
5 
3 
1 
1 

1 

June  15-21 

2 
2 
2 
9 
9 
19 
16 
23 

June  22-28 

1 
2 
4 
7 

15 
18 
16 
17 
12 
2 
4 
3 

103 

6 

29 
26 
22 

8 
5 
2 

1 

June  29-July  5 

July  6-12. 

July  13-19 

July  20-26... 

July  27- Aug.  2 

Aug.  3-9 

Aug.  10-16.. 

Aug.  17-23 

14 
2 

Aug.  24-30 

Aug.  31-Sept.  6 

0.4 
.4 

238 

Sept.  7-13 

Total  number  of  returns 

235 

364 

43 

129 

trap  net  were  caught  during  the  opening 
week  of  the  river  fishery  (July  1)  than  in 
any  other  week.  Clear,  Chipmunk,  and 
Grouse  Creeks  were  characteristically  late 
(July  or  early  August)  in  contributing  fish 
to  the  creel. 

The  effects  of  fishing  on  tagged  fish 
from  the  trap  net  (table  25)  reveal  some 
important  contrasts  with  stream  locations. 
Fishing  mortality  was  several  times  greater 
than  those  estimated  for  tributary  post- 
spawn  ers.  All  tag  (or  time)  groups  for 
the  trap  net  sustained  heavier  fishing 
mortalities.  This  was  especially  true  for 
the  tag  groups  marked  during  the  height 
of  the  Fishing  Bridge  area  fishery,  from 
June  22  to  July  15  in  1952  and  1953. 
The  rates  of  fishing  demonstrate  that 
although  the  fishery  for  trap  net  fish  was 
of  short  duration,  the  success  was  very 
high.  A  short  time  between  tagging  and 
capture  is  indicated  by  the  period  returns. 
An  average  of  79  percent  of  the  trap  net 
fish  taken  by  anglers  were  caught  between 
June  29  and  July  19.  Seasonal  fishing 
mortality  sustained  by  trap  net  fish  aver- 
aged 21  percent.  During  the  week  when 
fishing  was  most  successful,  from  7.9  to 
14.1  adult  trout  per  100  available  were 
caught  by  anglers.  Additional  informa- 
tion relating  to  the  trap  net  tagging  opera- 
tion is  included  in  appendix  tables  8  and  9. 


Table  25. — Measurements  of  fishing  intensity  on 
fish  from  the  trap  net,  1952  and  1953 


Time  period 

Tag/time 
group  fish- 
ing mortal- 
ity (number 
offish) 

Rate  of  fish- 
ing (percent 
offish 
available) 

Period 

returns 

(number  of 

fish) 

1952 

1953 

1952 

1953 

1952 

1953 

June  15-21... 

0 
25 
28 
21 
2 
8 

33 
31 
28 
14 
13 
10 

"I'.l' 
7.1 
7.9 
5.3 
2.0 
1.3 
.7 
.3 

0.0 

2.9 

14.1 

7.9 

6.5 

1.9 

1.0 

.5 

.0 

June  22-28... 

8 

18 

28 

25 

10 

7 

3 

2 

4 

June  29-July  5.. 

40 

July  6-12 

25 

July  13-19--. 

21 

July  20-26 

6 

July  27-Aug.  2 

3 

Aug.  3-9- 

1 

Aug.  10-16 

Total  number    .. 

61 

68 

Average  (percent). 

17.3 

24.7 

In  1952,  101  fish  tagged  at  the  trap  net 
were  considered  to  be  immature,  that  is, 
were  under  300  mm.  in  total  length  and 
did  not  appear  to  be  gravid.  Only  two 
tags  from  this  group  were  returned  by 
fishermen  in  1952.  The  fishing  mortality 
of  2.0  percent  for  immature 'fish,  when 
compared  with  17.3  percent  for  the  adult 
trout,  indicated  that  availabilities  of  both 
tag  groups  were  not  comparable  or  that 
the  fishery  was  selective.  Only  5  tags 
from  this  immature  fish  group  were  taken 
in  1953  and  none  in  1954.  Considering 
the  mortality  estimates  for  trap  net  fish 
tagged  in  1953,  it  was  obvious  that  an 
extrinsic  mortality  was  imposed  on  the 
smaller  fish  in  1952.     Full  recruitment  into 
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the  fishery  was  contemplated  in  1953  and 
1954,  but  it  did  not  occur.  Possibly  the 
the  handling  and  tagging  of  smaller  fish 
was  detrimental  and  resulted  in  delayed 
mortality  after  being  released.  This  group 
was  separated  from  the  adult  fish  for 
purposes  of  analysis. 

Fishing-intensity  measurements  for  fish 
tagged  at  the  Cascades  of  the  Yellowstone 
Kiver  (table  26)  show  results  similar  to 
those  obtained  from  the  trap  net  operation. 
Estimates  of  fishing  mortality  for  "lake" 
and  "river"  fish  indicated  comparable 
magnitudes.  The  first  week  in  July  was 
also  the  time  when  river  fish  were  most 
efficiently  taken  by  anglers.  However, 
the  fishermen  began  catching  Cascades 
fish  several  weeks  before  the  trap  net  fish, 
because  of  the  earlier  spawning  run  in  the 
river.  The  harvest  was  also  more  pro- 
longed, as  demonstrated  by  the  period 
returns  and  fishing  rates.  Adult  fish  from 
the  Cascades  and  trap  net  were  caught  in 
greatest  numbers  when  the  river  and 
Fishing  Bridge  opened  to  the  anglers. 
Appendix  tables  10  and  11  contain  addi- 
tional information  pertaining  to  the 
Cascades  tagging  operation. 

The  actual  return  of  tags  from  angler- 
caught  fish  is  estimated  to  be  about  88.6 


Table  27. — Seasonal  fishing  mortalities  based  on 
an  88.6-percent  tag-return  efficiency 


Table  26. — Measurements  < 
fish  from  the  Cascades 

)/  fishing  intensity 
,  1951  to  1953 

on 

Time  period 

Tag/time- 
group  fishing 

mortality 

(number  of 

fish) 

Rate  of  fish- 
ing (percent 
offish 
available) 

Period  re- 
turns (num- 
ber of  fish) 

1951 

1952 

1953 

1951 

1952 

1953 

1951 

1952 

1953 

May  25-31           

18 
19 
17 
18 
16 
20 

June  1-7 

0 

17 
9 
27 
20 
22 
17 
0 

"o'.b 

1.6 
1.1 

10.6 

6.6 

7.1 

3.3 

1.9 

.3 

.3 

.0 

.0 

.0 

.0 

2.7 

0.4 

1.6 

1.8 

5.7 

4.1 

1.2 

2.0 

.6 

.3 

.3 

.3 

.0 

.3 

.3 

4 

1 

7 

10 

31 

21 

6 

10 
3 
1 
1 
1 

Jimp.  8-14                  .      . 

16 
22 
33 

June  15-21 

0.0 

3.4 

8.6 

5.2 

4.2 

3.1 

1.0 

.7 

.3 

.7 

.0 

.0 

.0 

2 

2 

21 

25 

28 

12 

7 

1 

1 

June  22-28..-  

8 

June  29- July  5 

28 

July  6-12 

22 
20 

23 

July  13-19 

18 

July  20-26  

13 

July  27- Aug.  2    ...  -. 

4 

Aug.  3-9    . 

3 

Aug.  10-16 

1 

Aug.  17-23 

3 

Aug.  24-30 

Aug.  31-Sept.  6  -. 

89 

1 

1 

71 

Sept.  7-13-   

Total  number - 
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Average     (per- 
cent)   

22.3 

17.8 

20.6 

Stream  and  year 

Uncorrected 

fishing 
mortality 

Corrected 

fishing 
mortality 

Arnica  Creek: 

1950 

Percent 
7.4 
11.1 
6.5 

8.0 

Percent 

8.4 

1951 

12.6 

1952 -- 

7.3 

1953 

9.1 

8.3 

10.4 
10.3 
8.3 
12.2 
13.5 

9.4 

Pelican  Creek: 

1949      

11.6 

1950  -                        -- 

11.6 

1951  .                                   

9.4 

1952 

13.8 

1953 

15.2 

Average 

10.9 

8.4 

4.3 
1.2 
4.0 

12.3 

Clear  Creek: 

1953 

9.4 

Grouse  Creek: 

1951 -- 

4.9 

1952 — 

1.5 

1953 

4.7 

Average 

3.2 

2.2 
4.2 

7.5 
4.8 

3.7 

Chipmunk  Creek: 

1949 

2.4 

1950 

4.9 

1952 

8.2 

1953 

5.4 

Average 

4.8 

17.3 
24.7 

5.2 

Trap  net: 

1952.- 

19.5 

1953- 

28.0 

21.0 

22.3 

17.8 
20.6 

23.8 

Cascades: 

1951 

25.1 

1952 

20.0 

1953 

23.2 

20.2 

22.7 

percent  of  the  actual  take  of  tagged  fish, 
based  on  a  program  of  interviewing  fisher- 
men in  1953.  Corrected  mortalities  for 
the  season  (table  27)  did  not  modify  the 
results  on  a  relative  basis.  However,  this 
refinement  is  valuable  when  used  in  abso- 
lute computations.  For  instance,  when 
computing  the  contribution  of  postspawn- 
ers  to  the  lake  fishery  (table  28),  the  use 
of  corrected  fishing  mortalities  gives  a 
more  realistic  measure  of  value. 

Two  methods  of  computing  spawning 
mortality  were  available  for  Arnica  Creek 
in  1953  (table  11).  The  actual  count 
(method  1)  was  used  rather  than  the  esti- 
mate (method  2),  in  this  instance.  A 
measure  of  the  reliability  of  estimate  was 
provided,  however.  Two  methods  were 
used  at  Pelican  Creek  in  1952,  and  the 
results  represent  an  average  mortality 
figure  derived  from  the  two  estimates. 

The  application  of  data  from  table  29 
provides  a  measure  of  the  contribution  of 
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postspawners  from  various  streams  to  the 
sport  fishery  of  the  lake  (table  28) ;  the 
surviving  number  from  each  spawning 
run  is  listed  in  column  2.  When  treated 
with  the  corrected  seasonal  fishing  mor- 
tality figures,  the  total  catch  from  each 
stream  follows.  When  the  total  con- 
tribution from  each  individual  stream  or 
the  sum  for  all  streams  is  related  to  the 
total  lake  harvest  for  the  year,  the  impor- 
tance of  postspawners  in  the  sport  fishery 
is  obvious.  At  no  time  did  the  harvest 
from  any  individual  stream  amount  to  1 
percent  of  the  lake  catch.  The  most 
sizable  contribution  by  any  stream  loca- 
tion was  1,297  postspawners  from  Pelican 
Creek  in  1953,  which  amounted  to  only 
0.66  percent  of  the  total  catch  in  the  lake 
that  year.  In  1953  when  measurements 
were  made  on  fish  from  five  streams, 
their  combined  totals  (2,471  fish)  were 
less  than  2  percent  of  the  195,873  trout 
estimated  to  have  been  taken  by  fisher- 
men. 

Table  28. — Contributions  to  the  lake  fishery  by  the 
postspawners  from  several  streams,  1949  to 
1953 


Stream  and  tag  year 

Available 
to  fishery 
(number) 

Corrected 

fishing 
mortality 
(percent) 

Contribution  to 
lake  fishery 

Number 

Percent 

Arnica  Creek: 

1950 

2,534 
3,220 
2,528 
2,462 

11,286 
5,910 
6,671 
5,152 
•    8,648 

10, 457 

4,203 

509 

4,075 

6,801 
2,856 
2,258 

6,658 

21, 743 
12, 647 
16, 692 
11,045 
24, 101 

8.4 
12.6 
7.3 
9.0 

11.6 
11.6 
9.3 
13.8 
15.0 

2.4 
4.9 
8.2 
5.4 

4.9 
1.5 
4.7 

9.4 

2.4-11.6 
4.9-11.6 
4.  9-12.  6 
1.5-13.8 
4.7-15.0 

213 

406 
185 
222 

1,309 
686 
620 
711 

1,297 

251 

206 

42 

220 

333 
43 
106 

626 

1,560 
1,105 
1,359 
981 
2,471 

0.11 

1951 

.19 

1952 

.08 

1953 

.11 

Pelican  Creek: 

1949 

.65 

1950 

.34 

1951 

.30 

1952 , 

1953 

.29 

.66 

Chipmunk  Creek 
1949 

.13 

1950 — 

.10 

1952 -. 

.02 

1953. 

.11 

Grouse  Creek: 

1951 

.16 

1952 

.02 

1953 

.05 

Clear  Creek: 

1953 

.32 

All  Streams: 

1949 

.78 

1950 

.55 

1951 

.65 

1952 

.40 

1953 

1.26 

Stream  fishing — Information  on  stream 
fishing  in  tributaries  of  Yellowstone  Lake 
is  available  from  only  one  stream,  Pelican 


Creek.  Pelican  Creek  is  open  to  fishing 
after  July  15,  as  is  the  case  with  the 
other  tributaries.  This  date  has  been 
chosen  to  allow  the  completion  of  most 
spawning  activities.  Pelican  Creek  re- 
tains a  number  of  postspawners  in  the 
stream  each  summer  due  to  the  large 
size  of  the  watershed,  the  size  of  the 
stream,  and  the  abundance  of  food. 
They  are  subjected  to  a  relatively  small 
amount  of  stream  fishing,  as  indicated 
by  the  number  of  tags  returned  from 
stream  anglers.  These  returns  ranged 
from  0.6  to  1.8  percent  of  the  total  num- 
ber of  prespawners  tagged.  If  these 
returns  actually  indicate  the  number  of 
fish  that  were  retained  in  Pelican  Creek, 
an  average  of  139  postspawners  remained 
in  the  stream  with  80  in  1953  and  216  in 
1949,  representing  the  extremes.  The 
information  gained  from  stream  surveys 
in  1953  and  1954  revealed  that  these 
estimates  are  reasonable. 

Spawning  runs  and  opening  date  of 
fishery. — An  important  relation  exists 
between  the  times  of  the  spawning  runs, 
the  location  of  the  tributaries  which  the 
spawners  ascend,  and  the  opening  date  of 
the  fishery.  An  understanding  of  the 
sequence  of  events  for  the  tributary 
streams  of  Yellowstone  Lake  is  necessary 
to  good  management  of  the  sport  fishery. 

Adult  fish,  as  they  approach  the  tribu- 
tary in  which  they  will  spawn,  become 
concentrated  in  limited  areas,  and  become 
more  vulnerable  to  fishermen  if  fishing  is 
in  progress  during  the  time  that  the  pre- 
spawners are  assembling.  Adequate  es- 
capement of  prespawners  is  essential  to 
maintain  population  numbers.  The  ma- 
nipulation of  the  opening  date  of  the 
fishery  can  help  to  ensure  this  escapement. 

The  heaviest  fishing  pressure  at  Yellow- 
stone Lake  is  directed  against  the  north- 
ern shoreline  areas.  Any  change  in  the 
opening  date  of  the  fishery,  as  was  intro- 
duced in  1953,  would  be  expected  to 
produce  an  effect  upon  the  size  of  the 
runs  into  Arnica  and  Pelican  Creeks  and 
the  Fishing  Bridge  area.     On  the  other 
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Table  29. — Relation  of  times  of  spawning  runs  into  trapped  streams  to  the  opening  of  the  lake  fishery , 

1950  to  1953 


[Fishery  opened  on  May  30  through  1952  and  on 

June  15  in  1953] 

Spawning  runs 
begin— 

Duration 
of  run 
in  days 

Fish  counted  through  traps 

Stream  and  year 

To  opening  of  lake 
fishery 

After  opening  of  lake 
fishery 

Total 

spawning 

run 

Number 

Percent 

Number 

Percent 

Arnica  Creek: 

1950    ... 

May  20 

71 

87 
73 
80 

68 
26 
30 
58 

59 
60 
57 
52 

56 
58 
46 

854 
1,599 
1,182 
2,882 

79 

905 

800 

5,805 

0 

22 
34 
34 
64 

1 

10 
12 
47 

0 

3,027 
3,156 
2,341 
1,642 

14, 997 
8,518 
5,721 
6,638 

12,  255 

78 
66 
66- 
36 

99 
90 
88 
53 

100 

3,881 

1951             

May  8 

4,755 
3,523 
4,524 

15,  076 

1952            

May  18 

1953                          

May  5 

Pelican  Creek: 

1950 - 

May  20 

1951     

Mav30 

9,423 

1952          

May  30...  .. 

6,521 

1953                               

May  12  . 

12,  443 
12, 255 

Chipmunk  Creek: 

1950 

June  9 

1951                 

May  30  .       

12,  585 
9,989 

1952... 

May  20 

6,660 
7,836 

0 

1,852 

655 

67 
61 

0 
27 
9 

3,329 
3,077 

12,188 
5,097 
6,896 

33 
39 

100 
73 
91 

1953 

May  31 

7,836 

12,188 
6,949 

Grouse  Creek: 

1951              

June  3 

1952 

May  26 

1953     . 

June  6 

7,551 

hand,  trout  approaching  Chipmunk  and 
Grouse  Creeks  which  are  isolated  from 
the  intense  fishery  to  the  north,  should  be 
little  affected  by  this  change.  Data  arc 
available  that  demonstrate  that  the  1953 
postponement  of  the  opening  date  of  the 
lake  fishery  produced  changes  as  antici- 
pated (table  29  L 

Arnica  Creek,  in  which  the  run  extends 
from  early  May  to  late  July,  had  from  22 
to  34  percent  of  the  total  count  checked 
through  the  upstream  trap  by  the  onset 
of  fishing  in  1950  to  1952.  When  tin- 
opening  was  changed  from  May  30  to 
June  15  in  1953,  more  than  60  percent  of 
the  total  run  entered  the  stream  before 
fishing  began.  Pelican  Creek,  also  a  rel- 
atively earl}r  run  stream,  but  one  of  shorter 
duration,  experienced  an  even  more  strik- 
ing effect  than  at  Arnica  Creek.  Xo 
more  than  12  percent  of  the  total  spawn- 
ing run  had  been  tabulated  b}'  May  30 
from  1950  through  1952.  With  the  change 
of  regulation  in  1953,  47  percent  of  the  fish 
were  counted  by  June  15.  Data  from 
Grouse  and  Chipmunk  Creeks  show  a 
smaller  change  when  the  opening  date  of 
fishing  was  advanced  because  the  runs 
occur  at  a  late  date.  The  isolation  of  the 
South  Arm  from  heavy  boat  or  shoreline 


fishing  permits  only  an  insignificant  har- 
vest of  prespawners  moving  toward  Grouse 
and  Chipmunk  Creeks.  This  relation 
would  apply  to  all  streams  in  the  southern 

area. 

The  manipulation  of  opening  dates  of 

the  fishery  in  order  to  guarantee  adequate 
escapement  of  spawners  into  streams  can 
he  an  important  management  technique 
when  all  pertinent  factors  are  known. 
The  proportion  of  the  early  season  catch 
that  is  composed  of  fish  destined  to  spawn 
that  year,  and  the  determination  of  the 
effects  on  fishing  on  immature  trout  in 
relation  to  the  effects  of  fishing  on  pre- 
spawners, should  be  known  before  precise 
predictions  can  be  made  on  the  effects  of 
manipulating  opening  dates. 

Natural  mortality  of  postspawners  in  the  lake 

Natural  mortality  in  the  lake  (Im)  and 
survival  (*$")  may  now  be  estimated,  since 
methods  for  determining  stream  and  fish- 
ing mortality  have  been  considered. 
After  the  stream  sojourn,  some  tagged  fish 
are  taken  by  the  fishermen,  and  those 
remaining  in  the  lake  are  unaccounted  for 
until  the  following  year.  At  that  time, 
some  appear  in  the  spawning  runs  as 
consecutive  spawners  or  enter  the  fishery 
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as  second-year  tag  returns.  Because  so 
very  few  spawn  a  second  time,  the  second- 
year  tag  returns  provide  an  estimate  of  the 
abundance  of  surviving  postspawners. 

First,  assume  that  tag  loss  during  the 
year  after  tagging  is  negligible,  as  sug- 
gested by  observations  at  Arnica  Creek. 
Second,  assume  that  a  similar  time  and 
space  relation  exists  between  the  return  of 
first-  and  second-year  tags.  This  has 
been  shown  to  be  true  for  all  tagging 
locations  except  Grouse  and  Chipmunk 
Creeks.  Then,  the  fishing  mortality  esti- 
mate for  the  group  of  first-year  tagged  fish 
is  directly  applicable  to  the  return  of 
second-year  tags.  The  number  of  spawn- 
ers  available  as  second-year  tagged  fish 
may  be  computed  in  the  following  fashion, 
where  (1)  denotes  tags-of-the-year  and  (2) 
second-year  tags: 

y/i   _Tfa 

N(Tdi)"NT2 

solving  for  NT2, 

Second-year  tagged  fish  from  Grouse 
and  Chipmunk  Creeks  were  more  available 
to  the  fishery  than  first-3Tear  tagged  fish. 
This  was  the  only  instance  where  second- 
year  postspawners  were  subjected  to 
greater  fishing  pressure  than  first-year  fish. 
Consequently,  groups  tagged  the  year 
before  should  incur  a  higher  fishing  mortal- 
ity for  the  season  than  fish  tagged  the 
same  season.  Spatial  characteristics  of 
their  second-year  tag  returns  closely  re- 
semble those  of  the  first-year  Arnica  Creek 
recoveries;  both  groups  were  taken  com- 
monly in  the  West  Thumb  area.  Yet, 
the  typical  Chipmunk-Grouse  pattern  of 
being  caught  in  the  South  Arm  is  retained; 
thus,  the  availability  of  these  second-year 
postspawners  is  determined  by  using  an 
arbitrary  fishing  mortality.  The  value 
was  set  at  a  mean  figure  between  the 
estimates  for  the  first-year  tag  returns  of 
Arnica  Creek  (upper  limit)  and  Chipmunk 
and  Grouse  Creeks  (lower  limit). 


Mortality  by  postspawners  in  the  lake 
which  may  be  attributable  to  natural 
causes  for  a  period  of  one  year  (initial 
availability  to  the  fishery  through  the  fol- 
lowing fishing  season),  and  survival  may 
be  computed  as  follows : 

N(Td)  —  (Tf)  =  Tsigs  unaccounted  for  at 
end  of  first  fishing  season 
(Ts), 
and 

(lm)=(Ts)-NT2; 
thus, 

S'=(Ts)-(lm) 

A  summary  of  mortality  and  survival 
data  for  all  years  and  all  tagging  locations 
is  provided  in  table  30.  The  information 
is  averaged  for  each  year  and  for  each  loca- 
tion. Under  normal  conditions,  a  typical 
spawning  run  can  expect  a  stream  mor- 
tality of  48.1  percent.  Of  those  surviving 
from  streams,  8.2  percent  will  be  caught 
by  fishermen.  More  than  half  (63.1  per- 
cent) of  those  unaccounted  for  after  fishing 
is  completed  will  fail  to  survive  through 
the  next  summer,  with  the  overwinter 
period  being  the  critical  period.  Very 
few  fish  spawn  a  second  time.  The  role 
that  mortality  and  alternate-consecutive 
spawning  play  during  and  after  temporary 
stream  residence  may  be  demonstrated  by 
application  of  these  average  mortalities 
to  a  spawning  run  of  1,000  fish  (table  18). 
It  is  shown  that  under  normal  circum- 
stances only  10  fish  will  function  as  con- 
secutive spawners,  while  the  potential 
alternate  spawners  number  42.  By  these 
calculations,  the  number  of  fish  spawning 
a  second  time  would  not  exceed  5.2  percent 
of  the  original  number. 

Noteworthy  are  the  fluctuations  in  mor- 
tality estimates  from  the  average  for  all 
areas.  Estimates  of  spawning  mortality 
ranged  from  94.9  percent  (Chipmunk 
Creek,  1952)  to  21.0  percent  (Pelican 
Creek,  1952).  Fishing  mortality  varied 
considerably  less.  Maximum  fluctua- 
tions from  the  mean  of  8.2  percent  for 
stream  locations  did  not  exceed  7  percent. 
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Table  30. — Summary  of  mortalities  and  survivals 
expressed  as  percentage  values 

[Figures  in  parentheses  are  stream  averages  for  1951-53] 


Stream 


Arnica  Creek: 
Stream: 

Spawning  mor- 
tality  

Survival 

Lake: 

Fishing     mor- 
tality  

Natural     mor- 
tality  ... 

Survival 

Pelican  Creek: 
Stream: 

Spawning  mor- 
tality  

Survival 

Lake: 

Fishing     mor- 
tality  

Natural     mor- 
tality  — 

Survival 

Chipmunk  Creek: 
Stream: 

Spawning  mor- 
tality  

Survival 

Lake: 

Fishing     mor- 
tality  

Natural     mor- 
tality  

Survival 

Grouse  Creek: 
Stream: 

Spawning  mor- 
tality  

Survival 

Lake: 

Fishing     mor- 
tality....  

Natural     mor- 
tality  

Survival 

Clear  Creek 
Stream: 

Spawning  mor- 
tality  

Survival 

Lake: 

Fishing     mor- 
tality  — 

Natural     mor- 
tality  

Survival.. 

Trap  net: 
Lake: 

Fishing     mor- 
tality.  

Natural     mor- 
tality  

Survival 

Yellowstone  River 
Cascades: 
River: 

Fishing     mor- 
tality  

Natural     mor- 
tality.-.  

Survival 

Average  for  year: 
Stream 

Spawning  mor- 
tality  

Survival 

Lake  and  River 
combined: 
Fishing     mor- 
tality— 

Natural     mor- 
tality.—  

Survival 


Tag  population 


1949     1950     1951      1952     1953    Aver 


65.2 
34.8 


11.8 


35.1 
53.3 


23.0 
77.0 


2.4 


34.2 
63.4 


44.1 
55.9 


7.0 


34.7 
58"  4" 


38.0 
62.0 


8.4 

66.6 
25.0 


39.2 


11.8 


67.8 
20.6 


65.7 
34.3 


4.9 


45.4 
49.7 


54.8 
45.2 


8.3 


31.8 


41.2 

58.8 


12.6 


61.1 
26.3 


29.2 
70.8 


9.3 


64.9 
25.8 


44.2 
55.8 


4.9 


59.2 
35.8 


25.1 


43.6 
31.3 


38.2 
61.8 


13.0 

(8.9) 

57.2 
(61.  7) 

29.8 
(29. 3) 


35.3 
64.7 


7.3 


87.4 
5.3 


21.0 
79.0 


13.8 


72.0 
14.2 


94.9 
5.1 


8.2 


74.7 
17.1 


58.9 
41.1 


1.5 

88.1 
10.4 


19.5 


63.2 
17.3 


20.0 


51.0 
29.0 


52.5 
47.5 


11.7 

(7.7) 

72.7 

(80. 6) 
15.6 
(11.8) 


50.3 
49.7 


67.2 
23.8 


15.0 


58.6 
26.4 


48.0 
52.0 


5.4 


58.9 
35.7 


70.1 
29.9 


4.7 

36.4 
9.0 


41.2 

58.8 


9.4 

46.2 
44.4 


28.0 


53.8 
18.2 


23.2 


65.2 
11.6 


48.0 
52.0 


13.5 

(8.7) 

62.3 
(63.4) 

24.2 
(27. 9) 


41.2 
58.8 


9.3 


70.5 
20.2 


41.3 
58.7 


12.2 


59.7 
28.2 


57.9 
42.1 


5.2 


53.3 
41.5 


57.7 
42.3 


3.7 


77.9 
18.4 


41.2 

58.8 


9.4 


46.2 
44.4 


23.8 


58.5 
17.8 


22.8 


53.3 
24.0 


48.1 
51.9 


11.6 
(8.2) 

61.4 
(63. 1) 

27.0 
(28. 6) 


Estimates  of  fishing  mortality  for  the  trap 
net  and  Cascades  tagging  ranged  from  19.5 
percent  to  28.0  percent,  and  the  mean  was 
23.2  percent.  The  maximum  and  mini- 
mum estimates  for  natural  mortality  in  the 
lake  were  88.1  percent  and  34.2  percent. 
This  fluctuation  did  not  exceed  28  percent 
of  the  mean  estimate  of  61.4  percent. 

The  principal  factors  influencing  mor- 
tality in  lakes  are  similar  to  those  dis- 
cussed earlier  for  streams.  Other  factors 
include  age,  sex,  general  physical  condi- 
tion, and  the  degree  of  parasitism  for 
each  fish.  The  sex  of  cutthroat  trout  was 
shown  to  be  related  to  the  relative  amount 
of  weight  lost  and  the  length  of  time 
spent  in  the  stream.  By  losing  a  small 
amount  of  body  weight  exclusive  of  sex 
products  and  by  spending  a  small  amount 
of  time  in  the  stream,  the  adult  female 
should  emerge  from  spawning  in  better 
physical  condition  than  the  male.  This 
situation  was  probably  the  cause  of  the 
differential  sex  mortality  at  Arnica  Creek 
in  1953.  Theoretically,  then,  the  female 
would  be  in  better  condition  for  over- 
winter survival.  Adults  surviving  spawn- 
ing in  best  condition,  or  those  having  the 
longest  and  most  productive  feeding 
period  after  returning  to  the  lake  may 
not  only  experience  a  higher  survival  rate, 
but  also  represent  the  best  source  of  con- 
secutive spawners.  With  regard  to  age 
and  mortality,  4-year-old  fish  spawning  for 
the  first  time  would  spend  a  year  longer 
in  the  lake  as  feeders  than  3-year-old 
initial  spawners.  Consequently,  they 
might  be  in  better  physical  condition  be- 
fore and  after  spawning.  These  factors 
may  interact  in  a  complex  fashion,  pro-  • 
viding  a  basis  for  differential  survival  I 
rates,  alternate-consecutive  spawning ; 
ratios,  and  a  relatively  high  rate  of  nat- 
ural lake  mortality. 

Dispersal    of    postspawners. — Apparent  j 
migration  of  adult  fish  from  the  various  j 
tagging  locations   was  indicated   by  the 
distribution   of   tags   returned   from   the  j 
sport  fishery.     For  purposes  of  analysis, 
five  areas  were  delimited  in  the  Methods 


section   either   by   geographic   or   fishery 
characteristics,  or  both  (fig.  2). 

In  terms  of  fishing  pressure,  the  Fishing 
Bridge  area  represents  the  focal  point  of 
the  most  concentrated  fishing  effort  on 
the  lake  (Cope,  1957).  If  fishing  here 
may  be  considered  'Very  heavy,"  then  by 
comparison  fishing  effort  in  the  northern 
area  could  be  termed  "heavy."  The  fish- 
ery in  West  Thumb  might  be  classified  as 
"moderate,"  while  the  southern  area  sup- 
ports "light"  fishing  pressure.  Angling 
on  the  Yellowstone  River  most  closely 
approximates  that  of  the  northern  area 
and  therefore  may  be  called  "heavy." 

Tagged  fish  taken  by  fishermen  were 
tabulated  into  first-  and  second-year  re- 
turns by  stream  group  and  for  individual 
years,  and  apportioned  into  areas  where 
captured  (appendix  table  12).  In  some 
cases,  the  total  return  of  tags  for  the  year 
(table  21)  may  be  greater  than  that  used 
in  the  analysis  of  tag  return  areas,  because 
tags  are  sometimes  returned  from  the 
fishery  without  information  concerning 
the  date  and  place  of  capture.  For  this 
reason,  questionable  tags  were  eliminated 
from  consideration  at  this  time.  There- 
fore, this  presentation  depicts  the  average 
relative  contribution  of  tagged  fish  from 
various  streams  to  designated  areas. 

Tag  return  areas  for  postspawners. — 
Arnica  Creek  fish  were  taken  mostly  in 
the  West  Thumb  area.  The  lake  section 
adjacent  to  the  mouth  of  Arnica  Creek 
accounted  for  the  greatest  number  of 
first-  and  second-year  tagged  fish.  Pumice 
Point  and  the  dock  area  in  West  Thumb 
proper,  Rock  Point  and  Bridge  Bay  in  the 
northern  half,  and  the  southern  part  of  the 
Fishing  Bridge  area  were  other  focal  points 
for  the  return  of  Arnica  Creek  tags. 

Second-year  tags  entered  the  western 
shoreline  of  the  northern  area  to  a  greater 
extent  than  did  first-year  tags.  For  pur- 
poses of  computing  lake  mortality  and 
survival,  however,  the  movement  could  not 
account  for  second-year  tagged  fish  being 
exposed  to  a  markedly  different  fishing 
pressure. 


The  northern  area  accounted  for  an 
average  of  about  65  percent  of  first-  and 
second-year  tags  from  Pelican  Creek.  The 
greatest  number  from  any  one  location 
came  from  the  heavily  fished  southern 
portion  of  the  Fishing  Bridge  area.  Only 
an  occasional  Pelican  Creek  fish  was  de- 
tected in  the  Yellowstone  River  proper. 
The  most  productive  localities  for  the 
return  of  Pelican  Creek  tags  were  Steam- 
boat Point,  Bridge  Bay,  and  Mary  Bay, 
all  on  the  north  shore  of  Yellowstone 
Lake.  A  slight  spatial  dispersion  of  sec- 
ond-year tags  was  detected,  but  not  to  the 
extent  of  introducing  these  postspawners 
to  a  radically  different  fishing  pressure. 

Results  of  tagging  at  Clear  Creek  sug- 
gest a  generalized  migration  into  the 
northern  area.  Rock  Point,  Bridge  Bay, 
Stevenson  Island,  the  southern  part  of  the 
Fishing  Bridge  area,  and  the  shoreline 
adjacent  to  Clear  Creek  itself  were  im- 
portant localities  for  tag  returns.  More 
marked  fish  from  this  stream  were  caught 
in  Bridge  Bay  than  in  any  other  locality. 
No  indication  of  a  movement  of  Clear 
Creek  fish  into  the  Yellowstone  River  was 
detected. 

Tag  recoveries  of  Grouse  and  Chipmunk 
Creek  fish  demonstrated  the  southern  half 
and  West  Thumb  areas  to  be  the  most 
important  parts  of  the  lake  with  regard  to 
capture  and  apparent  migration.  Large 
boats  in  the  South  Arm  landed  the  major- 
ity of  tagged  fish  from  these  two  tribu- 
taries. Occasionally  marked  fish  were 
were  taken  in  the  Southeast  Arm,  at 
Bridge  Bay,  Dot  Island,  Wolf  Point,  and 
in  the  vicinity  of  the  West  Thumb  dock. 
Because  second-year  tags  dispersed  into 
the  West  Thumb  area  to  a  greater  extent 
than  did  tags  of  the  year,  modification  in 
the  method  of  estimation  of  natural  mor- 
tality in  the  lake  was  necessary. 

Considering  the  unequal  distribution  of 
fishing  effort  on  Yellowstone  Lake,  these 
data  support  a  view  that  postspawners 
from  various  streams  tend  to  localize  in 
lake  areas  nearest  the  parent  stream  it- 
self, regardless  of  time.    No  evidence  is  at 
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hand  to  indicate  any  appreciable  move- 
ment of  "lake" -fish  into  the  Yellowstone 
River  below  Fishing  Bridge.  Both  first- 
and  second-year  tags  typically  are  caught 
in  the  same  general  areas  of  the  lake,  with 
some  exception  of  adult  fish  from  Chip- 
munk and  Grouse  Creeks. 

Tagged  fish  from  the  trap  net  and 
Cascades  operations  have  also  been  con- 
sidered in  relation  to  locality  of  capture 
(table  31).  The  Fishing  Bridge  and  Yel- 
lowstone River  areas  were  the  ones  pri- 
marily involved  in  the  analysis.  Because 
of  the  small  number  of  returns  from  the 
three  lake  areas,  they  were  combined  and 
designated  the  Yellowstone  Lake  area. 
These  data  led  to  a  good  understanding  of 
the  movements  of  "river"  and  "lake" 
fish. 

About  half  of  all  Cascades  tags  recov- 
ered were  taken  in  the  Fishing  Bridge  area, 
and  were  distributed  rather  uniformly 
throughout  the  area.  Second-year  tagged 
fish  appeared  in  the  lake  fishery  in  Larger 
relative  numbers  than  did  first-year  tags. 
An  average  of  10.2  percent  of  the  returns 
from  first-year  tags  were  taken  in  Yellow- 
stone Lake  proper,  while  27.8  percent  of 
the  second-year  tags  wen-  caught  in  the 
lake.  An  average  of  7.1  percent  of  tin4 
trap  net  fish  recovered  the  first  year  were 
caught  in  the  river;  as  second-year  tags, 
one-fourth  of  those  captured  came  from 
the  river.  More  trap  net  fish  were  taken 
in  the  Fishing  Bridge  area  than  in  all  other 
areas  combined.  This  operation  furnished 
additional     proof     that    relatively     little 


movement  of  lake  fish  into  the  river  sys- 
tem took  place.  Second-year  tags  dis- 
persed more  than  did  first-year  tags. 

Time  intervals  between  tagging  and 
capture. — Apparently  the  movement  of 
trap-net  fish  back  into  the  lake  from  the 
Fishing  Bridge  area  made  them  much 
less  available  to  capture  thereafter  than 
were  the  Cascades  fish  moving  downriver. 
That  is,  "river"  fish,  having  moved  back 
into  the  river  after  spawning  near  Fishing 
Bridge,  were  still  confined  to  a  relatively 
limited  area  and  largely  exposed  to  the 
full  extent  of  the  fishing  pressure  devel- 
oped there.  Trap-net  fish,  on  the  other 
hand,  retreated  into  an  extensive  lake 
area  that  was  fished  mostly  along  certain 
portions  of  the  shoreline.  A  comparison 
of  the  fishing  success  from  both  groups 
provides  additional  evidence  that  the 
migration  characteristics  probably  deter- 
mined postspawner  availability. 

The  effect  of  postspawner  dispersion 
from  Arnica  Greek,  the  trap  net,  and  the 
(  ides     is     further    demonstrated     by 

measuring  the  time  between  availability 
of  tagged  fish  to  the  fishery  and  their 
capture  (table  32).  The  usable  tag  re- 
turns from  Arnica  Creek  from  1950  to 
1952  were  combined  in  order  to  obtain  a 
sufficient  number  of  returns  for  this 
purpose.  The  length  of  time  from  the 
moment  of  availability  to  the  fishery  to 
date  of  capture  for  each  fish  was  arranged 
into  weekly  intervals.  The  initial  mo- 
ment of  availability  began  with  the 
opening  date  of  the  lake  fishery  if  the 


Table  31. — Fishery  returns  by  areas  from  Cascades  and  trap  net  tagging 


Percentage  of  total  returns  from— 

Total  number  of  returns 

Location  and  year  of  tagging 

Yellowstone  Lake  area 

Fishing  Bridge  area 

Yellowstone  River  area 

lst-year 

2d-year 

lst-year 

2d-year 

lst-year 

2d-year 

lst-year 

2d-year 

Cascades: 

1951 

10.5 
14.9 
5.6 

38.1 

20.8 
22.2 

38.4 
52.2 
61.1 

42.9 
54.2 
33.3 

51.2 
32.8 
33.3 

19.0 
25.0 
44.5 

86 
67 
72 

21 
24 
9 

1952 

1953 

Three  years 

10.2 

23.7 

10.4 

27.8 

10.0 
18.2 

49.8 

69.5 
82.1 

46.3 

60.0 
63.6 

40.0 

6.8 
7.5 

25.9 

30.0 
18.2 

225 

59 
67 

54 

20 
11 

Trap  net: 

1952 

1953 

Two  years 

16.7 

12.9 

76.2 

61.3 

7.1 

25.8 

126 

31 

46 


Table  32. 


-Summary  of  time  intervals  before  capture  expressed  in  weekly  increments  from  the  moment  of 
availability  to  the  fishery 


Time  of  capture  by  weekly  periods 

Percent  of  total  tagged  in— 

Arnica  Creek 

Cascades 

Trap  net 

1950-52 

1953 

All  years 

1951 

1952 

1953 

All  years 

1952 

1953 

All  years 

May 
May 
May 
May 

4-10     ..     - 

6.7 
17.8 
15.5 
11.1 

6.7 
11.1 
11.1 
11.1 

6.7 

2.2 

17.4 
11.6 
16.0 
5.8 
4.3 
16.0 
13.0 
11.6 
4.3 

13.1 
14.0 
15.8 
7.9 
5.3 
14.0 
12.3 
11.4 
5.3 
.9 

49.4 

15.9 

18.9. 

11.6 

1.4 

1.4 

1.4 

13.0 

15.9 
14.5 
26.1 
11.6 
5.8 
5.8 
4.4 
2.9 

43.8 
21.9 
15.1 
5.6 
5.6 
4.1 
1.3 
1.3 
1.3 

35.6 

18.0 

16.1 

14.2 

6.2 

3.8 

2.8 

1.9 

1.4 

52.3 

25.4 
15.9 

4.8 

47.1 

33.8 

11.8 

4.4 

2.9 

49.6 

29.8 

13.7 

4.6 

1.5 

.8 

11-17             

18-24 

25-31                                

1-7 

8-14 -. - 

June 

15-21 

June 

22-28 

29-July  5.... 

July 

6-12 

45 

69 

114 

69 

69 

73 

211 

63 

68 
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fish  had  been  liberated  into  the  lake  or 
river  prior  to  that  date.  If  liberation 
into  the  lake  took  place  after  fishing  had 
begun,  then  the  date  of  liberation  became 
the  moment  of  availability. 

About  half  of  the  recovered  trap-net  fish 
were  caught  within  the  first  week  following 
availability.  As  a  rule,  less  than  7  per- 
cent were  caught  after  the  third  week  of 

■  exposure  to  the  fishery.  This  pattern  also 
I  generally  applied  to  fish  from  the  Cascades, 

IT  where  most  of  the  marked  fish  were  re- 
J  covered  within  a  week  or  two  after  becom- 
I  ing  available.    However,  Cascades  fish  were 

■  caught  over  a  longer  period  of  time  than 

■  were  the  trap-net  fish  for  reasons  previ- 
ously suggested.  This  condition  empha- 
sizes the  role  of  dispersion  as  it  determines 
the  rate  of  tag  return.  For  instance,  an 
average  of  about  30  percent  of  the  Cas- 
cades fish  landed  from  1951  to  1953  were 
taken  after  the  third  week  of  availability, 
while  only  6.9  percent  of  the  trap-net  fish 
normally  entered  the  creel  after  3  weeks' 
exposure  to  the  fishermen.  The  deviation 
of  the  results  of  Cascades  tagging  in  1952 
from  the  1951  and  1953  data  probably  re- 
sulted from  the  effects  of  the  earlier  spawn- 
ing migration  in  1952.  An  earlier  move- 
ment of  mature  fish  may  have  allowed  a 
greater  number,  possibly  the  bulk  of  the 
run,  to  appear  in  the  Fishing  Bridge  area 
and  disperse  in  the  river  before  the  period 
of  most  intense  fishing.  An  extension  of 
the  length  of  time  between  availability  and 


capture  would  result,  as  indicated  by  the 
data. 

The  evidence  at  hand  shows  that  the 
fishery  in  and  around  the  Fishing  Bridge 
area  is  dependent  on  the  influx  of  mature 
fish  from  the  river  and  lake.  The  opening 
date  of  the  river  fishery,  July  1,  occurs  dur- 
ing the  period  of  spawning  migration  into 
this  area.  The  movement  up  the  river 
seems  to  precede  that  from  the  lake  by  a 
week  or  two.  On  July  1,  heavy  fishing 
pressure  is  imposed  upon  the  limited  area 
where  the  accumulation  of  fish  has  been 
taking  place.  Measurements  of  fishing  in- 
tensity and  the  creel  census  estimates  have 
demonstrated  the  great  success  of  the  Fish- 
ing Bridge  area  anglers  during  the  first  few 
weeks  of  July  (Moore,  Cope,  and  Beck- 
with,  1952).  The  angling  success  appears 
to  be  related  to  the  movement  of  fish  into 
the  area  (table  33).  The  data  suggest 
that  in  1952  early  spawning  runs  by  "river" 
and  "lake"  fish  allowed  a  considerable  es- 
capement from  the  area  by  postspawners 

Table  33. — Relation  between  the  Fishing  Bridge 
catch  and  the  trap-net  and  Cascades  fishing- 
intensity  estimates 


Year 

Total 
catch 
(fish) 

Peak  rate  of  fish- 
ing (percent) 

Fishing  mortality 
(percent) 

Fishing 
Bridge 

Trap 
net 

Cascades 

Trap 
net 

Cascades 

1950 

6,417 
8,938 
4,865 
5, 388 

1951  .- 

10.6 

5.7 
8.6 

22.3 

1952 

1953 

7.9 
14.1 

17.5 
24.7 

17.8 
20.6 
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back  into  their  respective  areas  of  origin 
before  fishing  began.  This  condition  is 
generally  reflected  in  the  Fishing  Bridge 
catch  and  the  fishing  intensity  measure- 
ments, although  other  factors  interact  here 
to  obscure  the  association  between  fishing 
mortality  rates  and  Fishing  Bridge  catches. 

The  estimates  of  natural  lake  mortality 
for  Cascades  and  trap-net  fish,  including 
the  effects  of  spawning,  compare  favorably 
with  the  natural  mortality  (lm)  estimates 
from  streams.  The  sources  of  spawning 
mortality  which  operate  in  streams  are 
much  less  emphasized  around  the  river 
outlet.  Furthermore,  many  adults  that 
otherwise  would  have  succumbed  to  spawn- 
ing are  prematurely  taken  by  the  Fishing 
Bridge  area  fishermen. 

Second-year  river  and  lake  tags  ap- 
peared in  the  Fishing  Bridge  area  fishery 


in  greater  relative  proportion  than  did  the 
first-year  tags.  This  appears  to  refute  the 
alternate-consecutive  spawning  concept 
and  the  theory  that  the  Fishing  Bridge 
fishery  is  almost  completely  dependent  on 
the  movements  of  initial  spawners.  Dis- 
persion of  second-year  tagged  fish  has  been 
demonstrated.  This  may  be  due  to  a 
migration  of  postspawners  toward  feeding 
areas  in  the  lake  near  the  outlet.  More- 
over, a  higher  percentage  of  consecutive 
spawners  may  dominate  these  two  groups, 
in  which  a  greater  movement  to  the  Fish- 
ing Bridge  area  as  second-year  tags  would 
result.  A  more  uniform  and  favorable 
aquatic  environment  in  the  river  could 
result  in  postspawners  being  in  better 
physical  condition  and  lead  to  a  greater 
tendency  for  consecutive  spawning. 
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Figure  6. — Arnica  and  Grouse  and  Chipmunk  Creeks  average  annual  returns,  compared  with  the 
West  Thumb  area  fishery  catch,  1950  to  1953.  Histogram  represents  average  annual  catch,  solid 
lines  are  first-year  returns,  and  broken  lines  are  second-year  returns. 
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TIME    OF     SEASON 

Figure  7. — Pelican  Creek  average  annual  returns  of  tagged  fish,  compared  with  the  distribution  of 
the  Fishing  Bridge  area  fishery  catch,  1949  to  1953.  Histogram  represents  average  annual 
catch,  solid  lines  are  first-year  returns,  and  broken  lines  are  second-year  returns. 


West  Thumb  fishery. — Tagged  fish  from 
Arnica  and  Chipmunk-Grouse  Creeks  were 
characteristically  taken  in  the  West 
Thumb  area.  First  year  postspawners 
from  the  South  Arm  usually  entered  the 
fishery  late  in  the  season.  As  second-year 
tags,  they  were  more  uniformly  harvested 
throughout  the  season.  Postspawners 
from  Arnica  Creek  followed  a  similar 
pattern  both  as  first-  and  as  second-year 
tags.  Period  returns  showed  them  to  be 
taken  much  earlier  in  the  season  than  were 
Chipmunk  and  Grouse  Creek  fish  (fig.  6, 
appendix  table  7). 

The  West  Thumb  fishery  is  unusual 
in  that  a  successful  catch  is  extended  over 
a  longer  period  of  time  than  any  of  the 
other  components  of  the  Yellowstone  fish- 
ery (table  5) .  The  tag  returns  from  Arnica 
Creek  and  Chipmunk  and  Grouse  Creeks 


help  explain  this  situation.  The  endemic 
population  resulting  from  reproduction 
within  the  boundaries  of  West  Thumb  is  a 
small  one.  The  presence  of  so  few  spawn- 
ing tributaries  in  that  area,  Arnica  Creek 
being  one  of  the  two  largest,  substantiates 
this  conclusion.  Therefore,  the  highly 
successful  early-season  fishery  of  the 
northern  portion  of  the  lake  and  in  the 
Yellowstone  Kiver,  which  appears  to  be 
largely  dependent  on  prespawning  move- 
ment of  adult  fish,  is  lacking  in  West 
Thumb  (fig.  7) .  The  fishery  of  the  Fishing 
Bridge  area  takes  postspawners  from 
Pelican  Creek  fairly  early  in  the  season, 
compared  with  the  entry  of  Chipmunk 
and  Grouse  Creek  postspawners  into  the 
West  Thumb  fishery.  The  West  Thumb 
fishery  must  be  rather  dependent  on  a 
recruitment  or  migration  of  fish  from  other 


49 


areas  later  in  the  season.  This  is  suggested 
by  the  period,  returns  of  Grouse-Chipmunk 
and  Arnica  Creeks  when  compared  with 
the  creel  census  from  the  West  Thumb 
area,  where  most  of  the  tags  are  returned. 
The  early  fishery  is  supported  by  adult 
fish  before  and  after  spawning.  The  dis- 
persion of  postspawners  later  in  the  season, 
as  indicated  by  the  Arnica  Creek  period 
returns,  would  normally  lead  to  a  decrease 
in  catch  at  that  time,  as  was  demonstrated 
elsewhere.  However,  postspawners  from 
Grouse  and  Chipmunk  Creeks  are  shown 


to  re-enter  the  lake  during  the  latter  part  I 
of  July,  and  appear  in  the  West  Thumb 
fishery  several  weeks  later.     Hence,   the 
late  season  movement  of  fish  into  West 
Thumb  probably  stems  from  postspawners  j 
immature  fish,  and  recruitment  of  small] 
adults.     Not  only  do  they  move  in  from 
the  South  Arm  and  Southeast  Arm,  but| 
also  from  other  portions  of  the  southern 
section  of  Yellowstone  Lake.     Neverthe-1 
less,  this  recruitment,  as  suggested"  by  tag 
returns,  at  best  extends  a  limited  fishery 
into  one  of  moderate  proportions. 


SUMMARY 


The  Fish  and  Wildlife  Service  studied 
factors  associated  with  mortality  of  eggs, 
immature  fish,  spawners,  and  postspawn- 
ers of  the  Yellowstone  cutthroat  trout  in 
Yellowstone  Lake  (Wyoming)  and  its 
tributaries.  These  efforts  were  connected 
with  broad  studies  intended  to  determine 
the  number  of  trout  that  can  be  removed 
from  these  waters  without  damaging  the 
populations. 

Background  material  is  furnished  to 
describe  the  biology  of  the  cutthroat  and 
its  physical  and  biological  environment  in 
the  lake  and  streams.  Water  tempera- 
tures, history  of  trout  management,  sizes 
of  the  spawning  runs,  sex  ratios  in  favor 
of  the  females  in  spawning  runs,  and  the 
characteristics  of  the  extensive  and  inten- 
sive sport  fishery  are  discussed. 

Methods  of  measuring  mortality  of  eggs 
and  fry  by  examination  of  redds,  mor- 
tality of  fry,  fingerlings,  and  adults  by 
counting  through  upstream-downstream 
traps,  and  mortality  of  adults  by  tagging 
with  Petersen  disks  and  recovery  at  traps 
and  in  the  fishery,  are  described.  Five 
methods  of  computation  are  given  to 
show  ways  of  determining  mortality  of 
adults  in  streams  by  trap  counts  and  by 
recovery  of  tags  from  the  fishery. 

Deaths  of  cutthroat  eggs  in  the  gravel 
in  Arnica  Creek  ranged  from  60  to  75  per- 
cent to  the  time  of  hatching,  36  to  40  days 
after  deposition.     Deaths  to  the  time  the 


swimming  fry  and  fingerlings  left  Arnica 
Creek  and  entered  Yellowstone  Lake 
averaged  99.6  percent  of  the  original  eggsi 
deposited  in  the  stream.  Thus,  for  every 
female  spawner  with  an  average  of  1,107' 
eggs,  4.54  immature  trout  were  alive  ini 
September  of  the  first  year.  Of  these, 
1.67  must  survive  to  become  spawners  ini 
order  to  maintain  the  population  in  nu- 
merical stability  over  a  period  of  time. 

Efficiency  of  return  of  tags  recovered 
from  fishermen  was  determined  to  be  88.6 
percent.  Tagged  adults  in  Arnica  Creek 
were  found  to  have  a  maximum  of  12  per- 
cent higher  death  rate  in  the  stream  than; 
did  fish  not  tagged.  Male  and  female 
trout  were  observed  to  suffer  essentially 
the  same  mortalities.  The  average  mor- 
tality of  spawners  in  5  streams  during  5 
years  was  48.1  percent.  The  upstream- 
downstream  tagging  method,  devised  for 
these  studies  for  measurement  of  upstream 
mortality,  was  tested  against  upstream- 
downstream  counts  in  Arnica  Creek  and 
found  to  give  accurate  estimates.  No 
explanation  is  found  to  explain  the  un- 
even sex  ratio  in  the  spawning  runs  (1.471 
females  to  1  male)  or  in  the  fishery  (1.62 
females  to  1  male).  Males  stayed  up- 
stream in  Arnica  Creek  for  an  average  of 
17.3  days;  females  averaged  7.3  days. 
Evidently,  many  male  spawners  service 
more  than  one  female.  Males  lose  an 
average   of    18.5   percent   of    their   body 
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weight  while  on  the  spawning  run ;  females 
lose  21.3  percent.     The  peaks  of  spawn- 
i  ing  runs  occurred  when  water  tempera- 
tures reached  the  vicinity  of  55°  F.     The 
':  early  portion  of  the  spawning  run  had 
;  relatively  high  mortality,  the  peak  of  the 
i  run  suffered  fewer  deaths,   and   the  last 
:  part,  during  periods  of  increasing  water 
i  temperatures,   sustained      heavy      losses. 
.  Spawners  spent  less  time  in  the  stream 
.  as  the  season  progressed.     Fish  that  were 
•  artificially  spawned  and  returned  to  up- 
stream water  had  lower  mortality  rates 
,  than    fish    that    spawned    naturally    in 
;  Chipmunk  Creek,   but  had  higher  rates 
in  Pelican  Creek.     Of  trout  that  returned 
to  spawn  a  second  time,   an  average  of 
i  6.9  percent  of  those  alive  spawned  con- 
\  secutively  (the  next  year),  while  22.8  per- 
cent of  those  alive  spawned  alternately 
!  (2   years   later).      Relatively   few   fish 
I  spawned  a  second  time;  1.22  percent  of  the 
runs  were  fish  that  had  spawned  before. 

Of  the  fish  in  Arnica  Creek  spawning 
runs,  48.6  percent  died  in  the  stream,  40.2 
percent  died  later  in  the  lake  of  natural 
causes,  7.6  percent  were  caught  by  fisher- 
men, and  3.6  percent  were  alive  2  years 
later. 

The  white  pelicans  that  breed  on  the 
Molly  Islands  in  the  Southeast  Arm  of 
Yellowstone  Lake  consume  from  300,000 
to  450,000  pounds  of  fish  each  year.  Most 
of  these  fish  are  cutthroat  trout  from 
Yellowstone  Lake.  The  fish  are  caught 
principally  in  the  south  end  of  the  lake, 
near  the  mouths  of  streams  and  on  the 
spawning    beds.     Other    predators    take 


lesser  tolls,  the  osprey  and  the  bear  being 
two  most  serious  rivals  to  the  pelican. 

Postspawners  from  five  streams  con- 
tributed less  than  2  percent  of  the  fishery. 
Tag  returns  from  postspawners  showed 
that  fishing  mortality  among  fish  released 
from  a  trap  net  in  the  lake  and  on  fish 
tagged  at  the  Cascades  on  the  Yellow- 
stone River  was  several  times  greater  than 
mortalities  estimated  for  postspawners 
from  smaller  streams.  Fish  were  released 
directly  into  areas  with  heavy  fishing  at 
the  former  locations ;  fish  were  able  to  dis- 
perse into  the  lake  from  tributary  streams, 
and  longer  times  before  capture  were 
characteristic  of  the  stream  populations. 
Average  fishing  mortality  in  fish  tagged 
in  the  lake  and  river  from  1949  to  1953 
was  11.6  percent  of  the  fish  available  to 
the  fishermen. 

Tagging  showed  that  many  trout  move 
upstream  to  the  Fishing  Bridge  area  to 
spawn  and  return  downriver  after  spawn- 
ing; also,  many  move  from  the  lake  to  the 
Fishing  Bridge  area  to  spawn  and  reenter 
the  lake  after  spawning.  There  was  little 
passage  of  "river"  fish  into  the  lake  or 
"lake"  fish  into  the  river.  Tagging  also 
indicated  that  many  postspawners  from 
Chipmunk  and  Grouse  Creeks  move  into 
West  Thumb  before  entering  the  fishery. 
This  migration  pattern  suggests  a  reason 
for  the  late  season  fishery  in  the  West 
Thumb  area.  The  heaviest  harvest  of  fish 
takes  place  in  the  northern  part  of  the  lake. 

Changing  the  opening  date  of  fishing 
from  May  30  to  June  15  in  1953  resulted 
in  considerable  escapement  of  spawners 
into    streams. 
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APPENDIX  TABLES 

Appendix  table  1. — Fishing  intensity  data  obtained  from  upstream  tagging  at  Arnica  Creek 

1950-5f 

Tag  group  checked  downstream 

Tagged  fish  checked  downstream  by  periods 

i 

Rates  of 
fishing 

Time  period 

Tag 
group 

Fishing 
returns 

Fishing 
mortality 

Time 
group 

Period  fishing  returns 

Cumulative 
availability 

I960 
May  4-10 

Number 

Number 

Percent 

Number 

Number 

Percent 

Number 

Percent 

May  11-17 

May  18-24.. 

12 
47 
176 
218 
41 
41 
12 
10 
12 
29 

4 
3 
10 
9 
4 
8 
2 
2 
2 
0 

33 

6 

6 

4 

10 

20 

17 

20 

17 

0 



May  25-31 

June  1-7  i 



June  8-14 



June  15-21 

312 

79 
112 

13 
8 
4 

29 
8 

25 
4 
4 

0 
2 
12 
7 
6 
5 
3 
3 
3 
1 
1 
1 

0 
5 

27 
16 
14 
11 
7 
7 
7 
2 
2 
2 

312 
391 
501 
502 
503 
501 
525 
530 
552 
553 
556 
555 
554 

ai 

A 
2.*. 
1.4 
1.3 
l.C 
.( 
.( 
.{ 

A 

June  22-28.. 

June  29-July  5 

July  6-12 

July  13-19 

July  20-26 

July  27-Aug.  2 

Aug.  3-9. 

Aug.  10-16 

Aug.  17-23.. 

Aug.  24-30 

Aug.  31-Sept.  6 

Sept.  7-13 

Total 

598 

3 

53 

79 

206 

135 

71 

34 

45 

37 

28 

20 

11 

8 

6 

44 

0 

12 

10 

27 

8 

7 

5 

7 

3 

2 

1 

0 

0 

0 

7.4 

0 

23 
13 

13 

6 
10 
15 
16 

8 

7 

5 

0 

0 

0 

598 

44 

7.4 

554 

1951 
May  4-10. 

May  11-17 

May  18-24 

May  25-31 

3 

135 

243 

135 

70 

31 

37 

42 

11 

20 

6 

3 

Inn  p.  1-7 

138 
381 
511 
573 
592 
619 
654 
653 
662 
666 
663 
659 
657 
655 
654 

.C 

i.a 

1.6 
2.1 
1.1 
1.1 
1.8 
1.1 

.a 

.s 
!el 

.31 

.3: 
.21 

•Cl 

June  8-14 

5 

8 

12 

10 

7 

12 

11 

2 

6 

4 

2 

2 

1 

6 

10 

15 

12 

9 

15 

13 

2 

7 

5 

2 

2 

1 

June  15-21 

June  22-28 - 

June  29-July  5 

July  6-12 

July  13-19 — 

July  20-26 

July  27-Aug.  2 

Aug.  3-9 

Aug.  10-16 

Aug.  17-23...- 

Aug.  24-30 

Aug.  31-Sept.  6— 

Sept.  7-13 

Total 

736 

82 

11.1 

736 

82 

11.1 

654 

1952 
May  5-10 

May  11-17 

May  18-24.. 

62 

131 

210 

125 

47 

13 

8 

9 

6 

5 

4 

7 
13 
12 
5 
1 
0 
0 
1 
1 
0 
0 

11 
10 
6 
4 
2 
0 
0 
11 
17 
0 
0 

29 

78 

99 

67 

110 

142 

21 

40 

5 

11 

13 

5 

0 

0 

0 

May  25-31 

June  1-7 

0 
5 
6 
5 
7 
8 
2 
2 
1 
0 
3 
1 

206 
273 
378 
514 
530 
563 
560 
569 
580 
584 
584 
581 
580 
580 
580 

.0 
1.8 
1.6 

1.0 
1.3 
1.4 

A 

.4  , 

•2 

.0 

.fi 

•2 

.0 

.0 

.0 

June  8-14 

13 
15 
13 

18 

20 

5 

5 

2 

June  15-21 

June  22-28 

July  6-12 

July  13-19 

July  20-26 

Aug.  3-9 

Aug.10-16 

8 
2 

Aug.  17-23 

Aug.  24-30 

Aug.  31-Sept.  6 

Sept.  7-13 

Total 

620 

40 

6.5 

620 

40 

6.5 

620 

i  Fishing  began  on  May  30. 
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Appendix  table  2. 


■Fishing  intensity  data  obtained  from  tagging  at  Arnica  Creek,  1953 

SECTION  1— UPSTREAM  TAGGING 


Time  period 

Tag  group  checked 
downstream 

Tagged  fish  checked  downstream  by  period- 
time  group 

Fishing 

returns 

(number) 

Fishing 

Tag 

group 

(number) 

Fishing 

returns 

(number) 

Fishing 
mortality 
(percent) 

Time 

group 

(number) 

Period  fishing 
returns 

Cumu- 
lative 
avail- 
ability 

Rates  of 

fishing 

(percent) 

mortality 
(percent) 

Number 

Percent 

13 
37 

35 

98 

105 

77 

51 

35 

33 

13 

7 

1 

2 
4 
2 
11 
11 
3 
6 
1 
0 
0 
0 
0 

15 
11 
6 
11 
10 
4 
12 
3 
0 
0 
0 
0 

vfay  11-17 

7 

5 

29 

49 

96 

104 

30 

60 

105 

13 

5 

2 

1 
0 
5 
6 
11 
10 
1 
5 
1 
0 
0 
0 

14 

tfay  18-24 

0 

Alay  25-31 

17 

une  1-7 

12 

une  8-14 

11 

fune  15-21 

4 
2 
9 
4 
4 
5 
5 
4 
2 
1 

10 

5 

23 

10 

10 

13 

13 

10 

5 

3 

290 
316 
374 
470 
479 
480 
477 
472 
468 
467 
466 
466 
466 

1.4 
.6 

2.4 
.9 
.8 

1.0 

1.0 
.8 
.4 
.2 
.0 
.0 
.0 

10 

une22-281       

3 

rune  29- July  5 

g 

uly  £-12 

1 

Kuly  13-19 

0 

fuly  20-26 

0 

filly  27- Aug.  2  

o 

'lug.  3-9 

lug.  10-16         

1 

0 

0 

Vug.  17-23             

1 

0 

o 

Vug.  24-30     . 

Vug.  31-Sept.  6 

Sept.  7-13 

Total 

506 

40 

7.9 

506 

40" 

466 

40 

7.9 

Fishing  began  on  June  15. 


SECTION  2— DOWNSTREAM  TAGGING 


Time  period 

Tagged  fish  checked  downstream  by  period — time  group 

Time  group 
fishing  re- 
turns 

(Number) 

Time 
group 

(Number) 

Period  fishing  returns 

Cumu- 
lative avail- 
ability 
(Number) 

Rates  of 
fishing 

(Percent) 

Time  group 
fishing  mor- 
tality 

Number 

Percent 

(Percent) 

May  4-10 

[May  11-17 

May  18-24 

7 

14 

25 

60 

69 

23 

41 

97 

9 

2 

3 

1 

0 
2 
3 

5 
12 
2 
4 
1 
0 
0 
0 
0 

0 

|i  May  25-31 

14 

12 

i.Tnne  8-14 

8 

\  June  15-21 

5 
2 

17 

7 

175 
193 
232 
329 
335 
333 
332 
327 
323 
323 
323 
324 
324 

2.9 

1.0 

.0 

.9 

1.2 

1.2 

1.8 

1.2 

.0 

.3 

.0 

.0 

.0 

17 

(June  22-28  » 

9 

June  29-.Tiily  5 

10 

!  July  6-12 

3 

4 
4 
6 
4 

10 
14 
14 
20 

14 

1 

Uuly  13-19 

0 

I  July  20-26. 

0 

|  July  27- Aug.  2 

0 

I  Aug.  3-9. 

0 

|  Aug  10-16 

|  Aug  17-23 

1 

3 

1  Aug.  2<*-30 

1 
1 

0 
0 

0 

|  Aug.  31-Sept.  6 

0 

0 

j  Sept  7-13 

Total                  

353 

29 

324 

29 

8.2 

Fishing  began  on  June  15. 
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Appendix  table  2. — Fishing  intensity  data  obtained  from  tagging  at  Arnica  Creek,  1958 — Continued 

SECTION  3-UPSTREAM  AND  DOWNSTREAM  TAGGING 

[Combined  comparable  portions  of  Sections  1  and  2.] 


Tagged  fish  checked  downstream  by  period— time  group 

Time  group 
fishing  re- 
turns 

(Number) 

Time  group 
fishing  mor- 
tality 

Time  period 

Time 
group 

(Number) 

Period  fishing  returns 

Cumu- 
lative avail- 
ability 
(Number) 

Rates  of 
fishing 

(Percent) 

Number 

Percent 

(Percent) 

May  11  17 

7 

12 

43 

74 

156 

173 

53 

101 

202 

22 

7 

5 

1 

i 

0 
7 
9 
16 
22 
3 
9 
2 
0 
0 
0 
0 

14 

May  18-24 

0 

May  25-31 

16 

12 

10 

June  15-21         

9 
4 
9 
7 
8 
9 
11 
8 
2 
2 
0 
0 
0 

13 

6 
13 
10 
12 
13 
16 
12 
3 
3 

465 
509 
606 
799 
814 
813 
809 
799 
791 
790 
789 
790 
790 

1.9 

.8 

1.5 

.9 

1.0 

1.1 

1.4 

1.0 

.3 

.3 

.0 

.0 

.0 

13 

June  22-28  »  .            - 

6 

June  29-July  5 

9 

July  6-12                       

1 

July  13-19 

0 

July  20-26    . -. 

0 

July  27-Aug.  2 

0 

Aug.  3-9 

0 

Aug  10-16 

Aug.  17-23 

1 
1 

0 

0 
0 
0 

0 

Aug.  24-30                   

0 

Aug.  31-Sept.  6 

0 

Sept.  7-13                                    

Total                    

859 

69 

790 

69 

8.0 

Fishing  began  on  June  15. 
Appendix  table  3. — Rates  of  fishing  obtained  from  downstream  tagging  at  Pelican  Creek,  1952 


Time  period 

Number 
tagged 

Period  returns 

Cumula- 
tive avail- 
ability 
(Number) 

Rate  of 

fishing 

(Percent) 

Time  group  fishing 
mortality 

Number 

Percent 

Number 

Percent 

June    1-7 

June    8-14 

June  15-21 

64 

64 
64 
167 
166 
161 
158 
153 
151 
150 
147 
147 
147 
147 

6.6 
0.0 
0.6 
3.0 
1.9 
3.2 
1.3 
0.7 
2.0 
0.0 
0.0 
0.0 
0.0 

7 

11 

June  22-28 

June  29-July  5 

103 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
5 
3 
5 
2 
1 
3 

5 
25 
15 
25 
10 

5 
15 

13 

13 

July     6-12 

July    13-19. 

July    20-26 

July   27-Aug.  2. 

Aug.     3-  9 

Aug.   10-16 

Aug.   17-23 

Aug.  24-30 

Aug.  31-Sept.  6 

Sept.    7-13 

Total 

167 

20 

100 

147 

20 

12  0 
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Appendix  table  4. — Rates  of  fishing  obtained  from  downstream  tagging  at  Chipmunk  and  Grouse  Creeks, 

1952  and  1953 


1952 

1953 

Time  period 

Number 

tagged 

(Number) 

Period 

returns 
(Number) 

Cumulative 

availability 

(Number) 

Rate  of 

fishing 

(Percent) 

Time 

group 

(Number) 

Period 

returns 

(Number) 

Cumulative 

availability 

(Number) 

Rate  of 

fishing 

(Percent) 

0) 

June     8-14 

(0 

June   15-21 

17 
32 

17 

49 

49 

78 

171 

239 

322 

320 

317 

316 

316 

316 

316 

0.0 
0.0 
0.0 
1.3 
0.0 
1.7 
0.6 
0.9 
0.3 
0.0 
0.0 
0.0 
0.0 

June   22-28 

June   29-July  5 

64 
30 
22 
69 
99 

64 
94 
116 
185 
284 
282 
277 
275 
273 
273 
272 

0.0 

July     6-12 

29 
94 
68 
87 

1 

0  0 

July    13-19 

0  0 

July    20-26 

4 
2 
3 
1 

0  0 

July    27-Aug.  2__ 

2 

5 
2 
2 

0.7 

Aug.     3-  9 

1.8 

Aug.   10-16 

0  7 

Aug.    17-23 

0.7 

Aug.   24-30. .. 

0  0 

Aug.   31-Sept.  6 

1 

0.4 

Sept.     7-13 

0.0 

Total 

327 

11 

316 

284 

12 

272 

1  Opening  of  fishing  season. 

Appendix  table  5. — Period  fishing  returns  obtained  from  tagging  at  Pelican  Creek,  1949  to  1953 
[Percentage  of  total  returns  for  each  season  given  in  parentheses] 


Number  of  fish  returned  from — 

Time  period 

1949  tagging 

1950  tagging 

1951  tagging 

1952  tagging 

1953  tagging 

Total  tagging 

1949 

1950 

1950 

1951 

1951 

1952 

1952 

1953 

1953 

1954 

First 
year 

Second 
year 

Jimp.  1-7 

2(14) 

1(2) 
1(2) 
1(2) 
4(7) 
4(7) 
3(6) 
9(17) 
13(24) 
8(15) 
7(13) 
2(4) 
1(2) 

1(4) 

2(7) 
2(7) 

""5(18) 
3(11) 
2(7) 
8(29) 
2(7) 
1(4) 

"T(4J" 
1(4) 

1(0.3) 

6(2) 

6(2) 

11(3) 

37(10) 

48(13) 

38(10) 

78(21) 

52(14) 

35(10) 

26(7) 

13(4) 

13(4) 

3(3) 

June  8-14 

4(15) 

KD 
4(4) 
3(3) 
15(16) 
17(18) 
5(5) 
14(15) 
12(13) 
8(9) 
7(8) 
2(2) 
4(4) 

2(2) 

June  15-21 

2(14) 

KD 

3(10) 

4(13) 

3(10) 

4(13) 

4(13) 

3(10) 

4(13) 

3(10) 

2(6) 

1(3) 

7(7) 

June  22-28 

2(7) 

7(26) 

4(15) 

2(7) 

5(19) 

2(7) 

1(4) 

""2(14) 

"T(2ij 

1(7) 
3(21) 

""1(7)" 

1(11) 

3(33) 
3(33) 

"T(iij 
"T(ii)~ 

2(3) 
2(3) 
9(12) 
9(12) 
17(23) 
10(13) 
7(9) 
6(8) 
6(8) 
7(9) 

5(5) 

June  29-July  5 

1(7) 

4(29) 

2(14) 

3(21) 

1(7) 

1(7) 

9(8) 

15(13) 

13(11) 

29(25) 

20(17) 

12(10) 

11(9) 

4(3) 

2(2) 

14(15) 
14(15) 

July  6-12. 

July  13-19— 

11(11) 

July  20-26... 

15(16) 
11(11) 

July  27-Aug.  2 

Aug.  3-9 

5(5) 

Aug.  10-16 

4(4) 

Aug.  17-23 

2(2) 

Aug.  24-30 

2(14) 

3(3) 

Aug.  31-Sept.  6 

Sept.  7-13 

Total 

27 

14 

54 

9 

75 

28 

92 

14 

116 

31 

364 

96 

57 


obtained  from  the  combined  Chipmunk  Creek  and  Grouse 
data,  1949  to  1953 

ventage  of  totnl  return!  for  each  season  given  in  parentheses] 


Number  of  fish  returned  from — 

1949  tagging  > 

1950  tagging  ' 

1951  tagging  * 

1952  tagging » 

1953  tagging  3 

Total  tagging 

1949 

1950 

1950 

1951 

1951 

1952 

1952 

1953 

1953 

1954 

First 
year 

Second 
year 

1(8) 
1(8) 
1(8) 

KD 

2(6) 
1(3) 
2(6) 
3(9) 

1(8) 

1(3) 
3(9) 

inn 

6(17) 

2(6) 

5(14) 

1(3) 

2(6) 

1(3) 

1(7) 

3(20) 

1(7) 

1(7) 

1(7) 

1(7) 

1(7) 

2(13) 

2(13) 

KD 

4(5) 

5(6) 

1(6) 
1(6) 
1(6) 

1(10) 

"""2(20) 
1(10) 

"""i"(i6) 

1(10) 
3(30) 
1(10) 

KD 
2(2) 
4(4) 
7(7) 
15(15) 
19(18) 
16(16) 
17(17) 
12(12) 
2(2) 
4(4) 
3(3) 

4(5) 

. 

"~iW 

"""1(5)" 
3(16) 
3(16) 
5(26) 
3(16) 
1(5) 
2(11) 

2(17) 
1(8) 
2(17) 
1(8) 

"T(8)"" 

"T(3J" 
2(7) 
5(17) 
5(17) 
3(10) 
4(14) 
6(21) 

1(20) 
1(20) 

1(4) 

"""2(7)" 

3(11) 
3(11) 
6(21) 
7(25) 
3(11) 

7(9) 

1(9) 
3  (27) 

1(9) 

7(9) 

Julv  13 

5(6) 

Julv  _•                             

4(25) 
4(25) 
3(19) 
1(6) 

1(20) 
1(20) 

1(20) 

4(5) 

7(9) 

7(9) 



9(12) 



5(6) 

2(13) 

1(6) 

7(9) 

1(8) 
1(8) 

1(3) 

1(3) 

1(4) 
2(7) 

2(3) 

3(4) 

11 

35 

19 

12 

29 

15 

16 

5 

28 

10 

103 

77 



Chipmunk  Creek  only.  2  Grouse  Creek  only.  3  Chipmunk  and  Grouse  upstream  and  downstream  tagging  combined. 

APPENDIX  table  7. — Period  fishing  returns,  all  tagging  areas,  1949  to  1958 


Arnica  Creek  1950-53 

Pelican  Creek  1949-53 

Chipmunk  and  Grouse 
Creeks  1949-53 

Yellowstone  Cascades 
1951-53 

Time  i>eriod 

First-year 
returns 

Second- 
year 
returns 

First-year 
returns 

Second- 
year 
returns 

First-year 
returns 

Second- 
year 
returns 

First-year 
returns 

Second- 
year 
returns 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

OI'ENING  OF  LAKE 
FISHERY 

June  1-7 

1 
6 
6 
11 

37 
48 
38 
78 
52 
35 
20 
13 
13 

0.3 
2 
2 
3 

10 
13 
10 
21 
14 
10 

7 

4 

4 

3 

2 

7 
5 

14 
14 
11 
15 
11 
5 
4 
2 
3 

3 

2 
7 
5 

15 
15 
11 
16 
11 
5 
4 
2 
3 

1 
4 

5 
4 

7 
7 
5 
4 
7 
7 
9 
5 
7 
2 
3 

1 
5 
6 
5 

9 
9 
6 
5 
9 
9 

12 
6 
9 
3 
4 

3 

1 

7 

15 

63 
55 
43 
28 
11 
4 
3 
3 

1 

0.4 
3 
6 

26 
23 
18 
12 

5 

2 

1 

1 

June  8-14 

10 
23 
23 

38 
29 
28 
27 
17 
17 
12 
6 
3 
2 

4 

10 
10 

16 
12 
12 
11 

7 
7 
5 
3 

1 
1 

3 
2 
3 

8 
3 
3 
10 
7 
5 
3 

6 
4 
6 

16 
6 
6 

20 
14 
10 
6 

1 

1 

1 
3 
3 

14 
11 
8 
3 
3 
3 

2 

June  1.5-21 

6 

June  22-28 

1 

2 
4 

7 
15 
19 
16 
17 
12 
2 
4 
3 

1 

2 
4 
7 
15 
18 
16 
17 
12 
2 
4 
3 

5 

nil.NINT,   OF   RIVER 

FISHERY 

June  29-July  5    

27 
22 
16 

Julv  6-12... -. 

July  13-19 

July  20-26 

Julv  27-Aug.  2 

6 
6 

Aug.  3-9 

Aul'.  10-16 





1 

2 

2 

4 

t.  6 

1 
1 

0.4 
0.4 

13 

1 

2 

Total 

235 

49 

364 

96 

103 

77 

238 

51 

58 


Appendix  table  7. — Period  fishing  returns,  all  tagging  areas,  1949  to  1953 — Continued 


Trap  Net  1952-53 

Clear  Creek  1953 

Total  for  all  locations 

Time  period 

First-year 
returns 

Second-year 
returns 

First-year 
returns 

Second-year 
returns 

First-year 
returns 

Second-year 
returns 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

OPENING  OF  LAKE  FISHERY 

4 
18 
37 
59 

179 
174 
149 
166 
112 
85 
59 
40 
19 
7 
4 

0.4 
2 
3 
5 

16 
16 
13 
15 
10 

8 

5 

4 

2 

1 
.4 

4 
10 
21 
18 

54 

42 

34 

39 

30 

24 

17 

7 

13 

2 

4 

1 

June  8-14 

3 

June  15-21  

4 
1 

10 
7 
4 
3 

1 

13 
3 

32 
23 

13 
10 
3 

1 
1 

1 
4 
4 

8 

7 

10 

2 
2 

2 
9 
9 
19 
16 
23 

7 

June  22-28 

8 

38 
34 
29 
10 
6 
3 
1 

6 

29 
26 
22 
8 
5 
2 
1 

2 

1 

13 

7 

6 

OPENING  OF  RIVER  FISHERY 

June  29-July  5 

17 

July  6-12. 

13 

July  13-19 

3 

4 

1 
4 

20 

27 

7 

27 

11 

July  20-26 . 

12 

July  27-  Aug.  2 

9 

Aug.  3-9  

8 

Aug.  10-16... 

1 

3 

5 

Aug.  17-23...     

6 

1 

14 
2 

2 

Aug.  24-30 

4 

Aug.  31-Sept.  6 

1 

Aug.  7-13  

1 

Total 

129 

31 

43 

15 

1,112 

319 

Appendix  table  8. 


■Fishing  rates  and  period  fishing  returns  obtained  from  trap-net  tagging, 
1952  and  1958 


Time  period 

1952 

1953 

Period  tag  returns 

Cumula- 
tive 
avail- 
ability 

(number) 

Rate  of 

fishing 

(percent) 

Period  tag  returns 

Cumula- 
tive 
avail- 
ability 
(number) 

Rate  of 

Number 

Percent 

Number 

Percent 

fishing 
(percent) 

OPENING  OF  LAKE  FISHERY 

June  1-7 

June  8-14 

June  15-21 

6 
103 

192 
216 
215 
211 
210 
208 
207 
207 
207 
207 
207 

0.0 

June  22-28 

5 

11 
17 
15 
6 
4 
2 
1 

8 

18 
28 
25 
10 
7 
3 

111 

156 
215 
284 
305 
299 
295 
293 
292 
292 
292 
292 

4.5 

7.1 

7.9 

5.3 

2.0 

1.3 

.7 

.3 

.0 

.0 

.0 

.0 

3 

27 
17 
14 
4 
2 
1 

4 

40 
25 
21 
6 
3 
1 

2.9 

OPENING  OF  RIVER  FISHERY 

June  29-July  5 

14.1 

July  6-12 

7.9 

July  13-19.-- 

6.5 

July  20-26..- 

1.9 

July  27-Aug.  2 

1.0 

Aug.  3-9 

.5 

Aug.  10-16 

.0 

Aug.  17-23- 

.0 

Aug.  24-30 

.0 

Aug.  31-Sept.  6 

.0 

Sept.  7-13 

.0 

Total 

61 

292 

68 

207 

59 


AppiNDIX  table  9. — Fishing  mortalities  obtained  from  trap-net  tagging,  1952  and  1958 
[Numbers  in  parentheses  indicate  numbers  of  immature  fish) 


1952 

1953 

Time  period 

Tag 
group 

(number) 

Group 

returns 

(number) 

Fishing 
mortality 
(percent) 

Tag 

group 

(number) 

Group 
returns 
(number) 

Fishing 
mortality 
(percent) 

OPENINO  OF  LAKE  FISHERY 

June  16-21        

4(6) 
107(18) 

50(18) 
70(25) 
86(22) 
36(12) 

0(0) 
27(0) 

14(0) 
15(1) 
2(1) 
3(0) 

0 
25 

28 

21 

2 

8 

6 
97 

92 
51 
16 
10 
3 

2 
30 

26 
7 
2 

33 



31 

OPINING  OF  RIVER  FISHERY 

28 

July  6-12                          

14 

July  13-19              

13 

July  20-26      

10 

Aug  10-16                                  - 

Aug.  17                                      --- 

Aug.  24-30                    - 

Aug.  7-13      ...            - 

Total  

353(101) 

61(2) 

17.3(2.0) 

275 

68 

24.7 

Al'l'KNDIX  TABLE    10." 


■Fishing  rates  and  period  fishing  returns  obtained  from  tagging  at  the  Cascades  of 
the  Yellowstone  River,  1951  to  1953 


1951 

1952 

1953 

Time  period 

Period  tag 
returns 

Cumu- 
lative 
avail- 
ability 
(num- 
ber) 

Rate  of 
fishing 
(per- 
cent) 

Period  tag 
returns 

Cumu- 
lative 
avail- 
ability 
(num- 
ber) 

Rate  of 
fishing 
(per- 
cent) 

Period  tag 
returns 

Cumu- 
lative 
avail- 
ability 
(num- 
ber) 

Rate  of 
fishing 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

Num- 
ber 

Per- 
cent 

(per- 
cent) 

OPENING  OF  LAKE  FISHERY 

June  1-7 

3 
1 

5 
7 

22 
15 

4 

1 

7 

10 

31 
21 
6 
10 
3 
1 
1 
1 

110 
223 
318 
386 

384 
362 
347 
343 
336 
334 
333 
332 
331 
331 
330 

2.7 
0.4 
1.6 
1.8 

5.7 
4.1 
1.2 
2.0 
0.6 
0.3 
0.3 
0.3 
0.0 
0.3 
0.3 

June  8-14 

76 
126 
181 

179 
332 
354 
329 
318 
312 
311 
310 
310 
310 
310 

0.0 
1.6 
1.1 

10.6 
6.6 
7.1 
3.3 
1.9 
0.3 
0.3 
0.0 
0.0 
0.0 
0.0 

June  15-21 

2 
2 

19 

22 

25 

11 

6 

1 

1 

2 
2 

21 
25 
28 
13 

7 

1 
1 

77 
176 

256 
343 
331 
319 
309 
306 
304 
303 
301 
301 
301 

0.0 

June  22-28 

6 

22 
18 
14 
10 
3 
2 
1 
2 

8 

28 

23 

18 

13 

4 

3 

1 

3 

3  4 

OPENING  OF  RIVER  FISHERY 

June  29-July  5 

8  6 

July  6-12 

5  2 

July  13-19 

4  2 

July  20-26 

3  1 

July  27-Aug.  2 

1  0 

Aug.  3-9 

0  7 

Aug.  10-16 

0  3 

Aug.  17-23 

0  7 

Aug.  24-30 

0.0 

Aug.  31-Sept.  6 

1 
1 

0  0 

Sept.  7-13 

0  0 

Total 

89 

310 

71 

329 

78 

301 

60 


Appendix  table  11. 


-Fishing  mortalities  obtained  from  tagging  at  the  Cascades  of  Yellowstone  River, 
1951  to  1953 


1951 

1952 

1953 

Time  period 

Tag 
group 

(Num- 
ber) 

Group 
returns 
(Num- 
ber) 

Fishing 
mortality 
(Percent) 

Tag 
group 
(Num- 
ber) 

Group 
returns 
(Num- 
ber) 

Fishing 
mortality 
(Percent) 

Tag 
group 

(Num- 
ber) 

Group 
returns 
(Num- 
ber) 

Fishing 
mortality 
(Percent) 

May  25-31 

38 

72 
116 
96 
73 

5 

7 

14 
20 
17 
12 

18 

19 
17 
18 
16 

20 

OPENING  OF  LAKE  FISHERY 

June  1-7 

1 
30 
46 
99 

86 

109 

6 

2 

0 

5 

4 

27 

17 
24 

1 
0 

0 

June  8-14 

76 
50 

57 

12 
11 
19 

16 
22 
33 

17 

June  15-21 

9 

June  22-28. 

27 

OPENING  OF  RIVER  FISHERY 

June  29-July  5 

20 

July  6-12       

172 
44 

38 
9 

22 
20 

22 

July  13-19    .. 

17 

July  20-26 

o 

July  27-Aug.  2 

Aug.  3-9 

Aug.  10-16 

Aug.  17-23 

Aug.  24-30 

Aug.  31-Sept.  6 

Sept.  7-13 

Total 

399 

89 

22.3 

400 

71 

17.8 

379 

78 

20.6 

Appendix  table  12. — Fishery  returns,  by  areas,  from  stream  tagging 


Returns  from  Yellowstone 
River  area 

Returns  from  Fishing  Bridge 
area 

Returns  from  Northern  area 

Stream  and  year  tagged 

Num- 
ber of 
first- 
year 
returns 

Per- 
cent of 
total 
for 
year 

Num- 
ber of 

second- 
year 

returns 

Per- 
cent of 
total 
for 
year 

Num- 
ber of 
first- 
year 
returns 

Per- 
cent of 
total 
for 
year 

Num- 
ber of 

second- 
year 

returns 

Per- 
cent of 
total 
for 
year 

Num- 
ber of 
first- 
year 
returns 

Per- 
cent of 
total 
for 
year 

Num- 
ber of 

second- 
year 

returns 

Per- 
cent of 
total 
for 
year 

Arnica  Creek: 

1950— 

2 
2 
0 
2 

4.5 
2.5 
0 
2.9 

0 
0 
0 
0 

0 
0 
0 
0 

4 
7 
2 
0 

9.1 
8.7 
5.7 
0 

1 
0 
0 

1 

7.7 
0 
0 
6.7 

10 
10 
8 
10 

22.7 
12.3 
22.8 
14.5 

2 
6 

1 
3 

15.4 

1951 

50.0 

1952 

50.0 

1953 ... 

20.0 

Total 

6 

0 
3 

2 
3 

1 

2.7 

0 

5.6 

2.9 

3.5 

1.0 

0 

0 
0 
0 
0 

0 

0 
0 
0 
0 
4.3 

13 

8 
20 

8 
23 

20 

5.7 

30.8 
37.0 
11.4 
27.1 
19.2 

2 

3 

1 
7 
0 
2 

4.8 

21.4 
11.1 
29.2 
0 

8.7 

38 

12 
31 
52 
55 
69 

16.5 

46.1 

57.4 
74.3 
64.7 
66.4 

12 

10 
5 
15 
12 
12 

28.6 

Pelican  Creek: 

1949 

71.4 

1950 

55.6 

1951 .. 

62.5 

1952 

92.3 

1953 

52.2 

Total 

9 

0 

0 

1 

0 
0 
0 

2.7 
0 

0 

5.9 

0 

0 

0 

1 
0 

0 
0 
0 

1 

0 

1.2 

0 

0 
0 
0 

20.0 
0 

79 

5 

0 
0 
0 
0 
0 

23.3 
11.6 

0 
0 
0 
0 
0 

13 

0 

0 
0 
0 
0 
0 

15.7 
0 

0 
0 
0 
0 
0 

219 
27 

1 
4 
9 
6 
4 

64.6 
62.8 

9.1 
23.5 
32.2 
50.0 
19.0 

54 
6 

8 
4 
0 
1 
1 

65.1 

Clear  Creek: 

1953 

54.6 

Chipmunk  and  Grouse 
Creeks: 
1949 

23.5 

1950 

33.3 

1951.... 

0 

1952 

20.0 

1953 

20.0 

Total 

1 

1.1 

1 

1.4 

0 

0 

0 

0 

24 

27.0 

14 

19.7 

61 


Appendix  table  12. — Fishery  returns,  by  areas 

,  from  stream  tagging — 

■Continued 

Returns  from  Southern 

area 

Returns  from  West  Thumb  area 

Total  returns  for 
year 

agged 

Num- 
ber of 
first- 
year 
returns 

Percent 

of  total 
for  year 

Num- 
ber of 

second- 
year 

returns 

Percent 
of  total 
for  year 

Num- 
ber of 
first- 
year 
returns 

Percent 
of  total 
for  year 

Num- 
ber of 

second- 
year 

returns 

Percent 
of  total 
for  year 

Num- 
ber of 
first- 
year 
returns 

Num- 
ber of 

second- 
year 

returns 

rreek: 
1950    - --- 

2 
0 
1 
5 

4.5 
0 

2.9 
7.1 

1 
2 
0 
1 

7.7 
16.7 
0 
6.7 

26 
62 
24 
52 

59.2 
76.5 
68.6 
75.4 

9 

4 

1 

10 

69.2 
33.3 

50.0 
66.7 

44 
81 
35 
69 

13 

12 
2 
15 

1951 --- 

1952      - 

1953 - - 

Total 

8 

2 

0 
3 
3 

7 

3.5 

7.7 

0 

4.3 

3.5 

6.7 

4 

0 
1 
0 
0 
3 

9.5 

0 
11.1 

0 

0 
13.1 

164 

4 
0 
5 
1 

7 

71.6 

15.4 
0 

7.1 
1.2 
6.7 

24 

1 
2 
2 
1 
5 

57.1 

7.2 
22.2 
8.3 

7.7 
21.7 

229 

26 
54 
70 
85 
104 

42 

14 
9 

24 
13 
23 

Pelican  Creek: 

1949 

1950      

1951 

1952 

1953 

Total .-     .-     --     -- 

15 
5 

3 

7 
13 

4 
13 

4.4 

11.6 

27.3 
41.2 
46.4 
33.3 
62.0 

4 

2 

6 
5 
11 
2 
3 

4.8 

18.2 

17.7 
41.7 
73.3 
40.0 
60.0 

17 

6 

7 
5 
6 
2 
4 

5.0 

14.0 

63.6 
29.4 
21.4 
16.7 
19.0 

11 

3 

20 
3 

4 

1 
1 

13.2 

27.3 

58.8 
25.0 
26.7 
20.0 
20.0 

339 

43 

11 
17 

28 
12 
21 

83 

11 

34 
12 
15 
5 
5 

Clear  Creek: 

1953 

Chipmunk  and  Grouse  Creeks: 
1949 

1950 

1951 

1953 

Total 

40 

44.9 

27 

38.0 

24 

27.0 

29 

40.9 

89 

71 

o 


! 


62 


-i-      r    ( 


LIMNOLOGY  OF  YELLOWSTONE 
LAKE  IN  RELATION  TO  THE 
CUTTHROAT  TROUT 


UNITED  STATES  DEPARTMENT  OF  THE  INTERIOR 
FISH  AND  WILDLIFE  SERVICE 
BUREAU  OF  SPORT  FISHERIES  AND  WILDLIFE 
RESEARCH  REPORT  56 


RESEARCH  REPORTS 

This  series  of  reports  was  begun  when  the  Fish  and  Wildlife  Service  was  established 
in  1941 ;  the  series  superseded  Wildlife  Research  Bulletins  of  the  Bureau  of  Biological 
Survey  and  Investigational  Reports  of  the  Bureau  of  Fisheries,  those  two  bureaus 
having  merged  to  form  the  Service.  The  Research  Reports  are  being  continued  (with 
Research  Report  54)  in  a  slightly  changed  format,  as  the  research-reporting  series  of 
the  Bureau  of  Sport  Fisheries  and  Wildlife  (U.S.  Fish  and  Wildlife  Service),  com- 
prising reports  of  scientific  investigations  related  to  the  work  of  the  Bureau.  The 
Bureau  distributes  these  reports  without  charge  to  official  agencies,  to  libraries,  and  to 
researchers  in  fields  related  to  the  Bureau's  work ;  additional  copies  may  usually  be 
purchased  from  the  Division  of  Public  Documents,  U.S.  Government  Printing  Office. 

Current  Research  Reports  are — 

54.  Fluctuations  in  Age  Composition  and  Growth  Rate  of  Cutthroat  Trout  in  Yellow- 

stone Lake,  by  Ross  V.  Bulkley.     1961.     31  pp. 

55.  Mortality  Studies  on  Cutthroat  Trout  in  Yellowstone  Lake,  by  Orville  P.  Ball  and 

Oliver  B.  Cope.     1961.     62  pp. 

56.  Limnology  of  Yellowstone  Lake  in  Relation  to  the  Cutthroat  Trout,  by  Norman  G. 

Benson.     1961.     33  pp. 

57.  Chemical   Composition   of   Blood   of   Smallmouth   Bass,    by   Eddie    Wayne    Shell. 

In  press. 

58.  Chronic  Effects  of  Endrin  on  Bluntnose  Minnows  and  Guppies,  by  Donald  Irvin 

Mount.     In  press. 


LIMNOLOGY  OF  YELLOWSTONE 
LAKE  IN  RELATION  TO  THE 
CUTTHROAT  TROUT 


Norman  G.  Benson 
Fishery  Research  Biologist 


RESEARCH  REPORT  56 


UNITED  STATES  DEPARTMENT  OF  THE  INTERIOR 

Stewart  L.  Udall,  Secretary 
Frank  P.  Briggs,  Assistant  Secretary  for  Fish  and  Wildlife 

FISH  AND  WILDLIFE  SERVICE 

Clarence  F.  Pautzke,  Commissioner 

BUREAU  OF  SPORT  FISHERIES  AND  WILDLIFE 

Daniel  H.  Janzen,  Director 


Published  by  the  U.S.  Fish  and  Wildlife  Service     •     Washington    •     1961 
Printed  at  the  U.S.  Government  Printing  Office,  Washington,  D.C. 


For  sale  by  the  Superintendent  of  Documents,  U.S.  Government  Printing  Office 
Washington  25,  D.C.  -  Price  40  cents 


CONTENTS 

Page 

Introduction 1 

Geology 2 

Weather  and  water  levels 2 

Morphometry 3 

Methods 4 

Lake    currents 6 

Water  temperatures 9 

Secchi  disk  transparency 10 

Water  chemistry 11 

Bottom  types 15 

Aquatic  plants _ 16 

Plankton 17 

Benthos 20 

Vertical  distribution  of  cutthroat  trout 21 

Food  of  cutthroat  trout 22 

Trout  density  and  limnology 24 

Biology  of  Yellowstone  Lake 26 

Summary 28 

Literature  cited 29 

Appendix  A — Points  of  release  and  recovery  of  drift  bottles 32 

Appendix  B — Points  of  release  and  recovery  of  drift  bottles 33 

ni 


ABSTRACT 

Limnological  data  collected  from  1954  to  1959  on  surface  currents,  bottom  currents, 
temperatures,  bottom  soils,  water  chemistry,  plankton,  bottom  fauna,  and  higher  aquatic 
plants  are  related  to  the  biology  of  the  cutthroat  trout,  Salmo  clarki  lewisi,  in  Yellow- 
stone Lake  (Wyoming).  The  lake,  formed  on  Eocene  lava,  is  oligotrophic  and  low  in 
dissolved  solids.  Diaptomus  shoshone,  Daphnia  shoedleri,  and  Conochilus  unicornis  made 
up  more  than  90  percent  of  the  macroscopic  zooplankton  by  number.  Upwelling  in  West 
Thumb  was  demonstrated  by  temperature  stratification  and  conductivities.  Plankton  dis- 
tribution and  abundance  were  related  to  currents  and  water  chemistry.  Depth  distribution, 
feeding,  and  movements  of  trout  are  related  to  food  abundance.  Trout  less  than  315  milli- 
meters in  total  length  are  not  caught  readily  because  of  their  feeding  habits  and  greater 
dispersal.  There  is  evidence  that  the  heavy  trout  harvest  in  the  northern  part  of  the  lake 
allowed  Gammarus  lacustris,  an  important  trout  food,  to  become  locally  abundant. 
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LIMNOLOGY  OF  YELLOWSTONE  LAKE 
IN  RELATION  TO  THE 
CUTTHROAT  TROUT 

By  Norman  G.  Benson,  Fishery  Research  Biologist 

Rocky  Mountain  Sport  Fishery  Investigations 
Logan,  Utah 


Limnological  studies  on  Yellowstone 
Lake  (Wyoming)  began  in  1890  when 
Forbes  (1893)  described  the  common  zoo- 
plankters,  noted  their  relative  abundance, 
and  recorded  other  general  features  of  the 
lake.  Except  for  occasional  records  of 
water  temperatures  and  a  few  plankton 
collections,  the  lake  was  not  studied  limno- 
logically  again  until  1954,  when  the  staff 
of  the  Rocky  Mountain  Sport  Fishery  In- 
vestigations initiated  the  work  reported 
here. 

Much  has  been  published  on  the  biology 
of  the  cutthroat  trout  in  Yellowstone  Lake 
and  tributaries  (Cope,  1956,  1957;  Ball, 
1955;  Laakso  and  Cope,  1956;  Ball  and 
Cope,  1961 ) .  The  purpose  of  this  paper  is 
to  describe  general  features  of  the  lake 
ecology  and  to  relate  this  information  to 
the  known  life  history  of  the  cutthroat 
trout. 

Orville  Ball,  Martin  Laakso,  and  several 
fishery  aids  mapped  the  lake  and  collected 
some  field  data.  Identification  of  zoo- 
plankters  and  bottom  organisms  was  by 
Marvin  Meyer,  Alan  Stone,  W.  W.  Wirth, 
A.  W.  Bell,  and  Clarence  Shoemaker; 
Arthur  Holmgren  identified  the  higher 
aquatic  plants.     I  appreciate  the  critical 


review  of  the  manuscript  by  Oliver  B. 
Cope,  C.  J.  D.  Brown,  W.  T.  Edmundson, 
and  Ross  V.  Bulkley. 

The  fish  fauna  of  Yellowstone  Lake  in- 
cludes the  cutthroat  trout,  the  longnose 
sucker  Catostorrms  mtostomus  (Forster), 
the  longnose  dace  Rhmichthys  catiaractae 
Valenciennes,  the  smallfin  redside  shiner 
Richardsonius  halteatus  hydropKlox 
(Cope) ,  and  the  lake  chub  Hyhopsis  plum- 
bed Agassiz.  Only  cutthroat  trout  and 
longnose  suckers  are  found  throughout  the 
lake.  The  other  species  are  restricted  to 
shallow  lagoons  in  the  northern  end  and 
West  Thumb  (fig.  1) ,  to  very  shallow  (less 
than  2  meters  deep)  protected  littoral 
zones  of  the  lake,  or  to  tributary  streams. 
The  original  fish  fauna  included  only  the 
cutthroat  trout  and  the  longnose  dace. 

Information  is  presented  on  lake 
geology,  lake  morphometry,  weather, 
water  levels,  bottom  currents,  surface  cur- 
rents, temperatures,  bottom  soils,  water 
chemistry,  phytoplankton,  zooplankton, 
food  of  trout,  and  depth  distribution  of 
trout.  A  discussion  of  the  relations  of 
these  conditions  to  the  biology  of  the  cut- 
throat trout  in  the  lake  follows. 


GEOLOGY 


The  watershed  of  Yellowstone  Lake  has 
been  an  area  of  volcanic  activity  since  the 
Eocene  period,  when  large  amounts  of 
volcanic  breccias  were  deposited  (Bauer, 
L955).  With  another  heavy  breccia  de- 
posit  in  the  middle  Cenozoic  era,  the 
whole  series  of  breccias  formed  a  stra- 
tum about  2,000  meters  thick.  Rhyolite 
deposits  were  superimposed  on  the  breccias 
in  certain  areas  in  the  late  Cenozoic.  The 
original  breccias  are  exposed  on  the  south- 
ern and  eastern  drainage  basins  of  Yel- 
lowstone Lake,  and  rhyolite  deposits  are 
exposed  on  the  south  shore  and  in  the  west- 
ern drainage  area.  Small  deposits  of 
dolomite,  basalt,  and  glacial  drift  are  pres- 
ent in  isolated  sections  of  the  watershed. 

The  available  information  does  not  al- 
low an  adequate  explanation  of  the  geo- 
logical formation  of  the  present  basin  of 
Yellowstone  Lake,  although  the  original 
lake  basin  was  believed  to  have  been 
formed  by  a  subsidence  or  readjustment  of 
the  original  lava  flows  in  the  Eocene. 
Bauer  also  mentions  the  possibility  that 
pre- Eocene  glaciation  may  have  formed 
the    original    basin.     Eecent    glaciation, 


erosion,  and  milder  forms  of  volcanic  ac- 
tivity have  sculptured  the  present  basin. 
Many  active  geysers  and  hot  springs  are  in 
the  watershed.  The  West  Thumb  area  is 
considered  to  be  an  old  geyser  basin,  and 
hot  springs  are  still  present  on  the  shore- 
line and  below  the  water  surface. 

During  its  geological  history,  the  lake 
has  drained  into  three  oceans.  Until  the 
early  Pleistocene,  the  lake  drained  into  the 
Pacific  Ocean  via  the  Snake  River.  At 
that  time  the  Grand  Canyon  of  the  Yel- 
lowstone formed,  and  the  lake  drained 
northward  into  Hudson  Bay.  Since  the 
retreat  of  the  glaciers,  the  lake  has  drained 
through  the  Missouri  River  system  into 
the  Gulf  of  Mexico.  During  the  glacial 
period,  the  lake  was  much  larger  than  at 
present,  owing  to  a  glacial  lobe  at  the 
present  site  of  the  Grand  Canyon  of  the 
Yellowstone  (fig.  1).  Several  lake  ter- 
races from  the  glacial  period  can  be  ob- 
served in  Hayden  Valley.  One  lake  ter- 
race has  a  present  elevation  of  2,470 
meters,  or  112  meters  higher  than  the  lake 
altitude. 


WEATHER  AND  WATER  LEVELS 


The  lake  watershed  is  on  the  east  slope 
of  the  Continental  Divide  at  an  altitude  of 
2,358  meters  (7,731  feet).  Air  tempera- 
tures, wind  measurements,  and  precipita- 
tion for  the  Yellowstone  Lake  area  have 
been  collected  at  the  Lake  Ranger  Station 
for  the  U.S.  Weather  Bureau.  The  mean 
monthly  temperatures  from  1953  to  1957 
ranged  from  minus  15.3°  C.  (4.5°  F.)  in 
February  1956,  to  16°  C.  (60.8°  F.)  in 
July  1954.  The  mean  monthly  tempera- 
ture during  most  summer  months  aver- 
aged about  13°  C.  (55.4°  F.),  and  during 
winter  months  averaged  minus  9.5°  C. 
(14.9°  F.) .    Air  temperatures  in  the  sum- 


mer rarely  reach  30°  C.  (86.0°  F.).  The 
annual  precipitation  from  January  1953 
to  November  1957  varied  from  39.3  cm. 
(15.49  inches)  in  1953  to  62.2  cm.  (24.47 
inches)  in  1955.  Most  precipitation  falls 
during  the  late  fall  and  winter  months  in 
the  form  of  snow. 

Data  collected  at  the  Lake  Ranger  Sta- 
tion on  wind  velocity  and  direction  showed 
that  the  predominant  winds  were  from  the 
south  and  southwest  (table  1),  and.  that 
wind  velocities  were  higher  when  the  wind 
came  from  the  latter  two  directions. 
Winds  were  stronger  in  1955,  1956,  and 
1959   than   in    1957   and   1958.     Diurnal 
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Table  1. — Wind  velocity  and  direction  at  Lake  Yellowstone  during  July  and  August  from  1955  to  1959 

[Data  collected  daily  at  4  p.m.,  at  Lake  Ranger  Station] 


Year 

Mean  daily 

velocity  in 

miles  per 

hour 

Days  recorded  from— 

Days  with 
no  wind 

S. 

SW. 

SE. 

E. 

N. 

W. 

Other 

recorded 

1955 

5.92 
7.04 
1.35 
2.30 
8.05 

25 
24 
21 
23 

28 

17 
18 
4 
6 
18 

4 
1 
1 
8 
2 

1 
2 
4 
5 
0 

0 
4 
2 
2 
5 

10 
6 
0 
3 
5 

0 

7 
2 
8 
4 

5 

1956 

1957 

1958  . 

0 

28 
7 

1959  . 

0 

changes  in  wind  intensity  were  quite  reg- 
ular in  that  the  high  velocity  winds  usu- 
ally began  about  11  a.m.  and  decreased 
about  5  p.m.  Calm  conditions  usually  pre- 
vailed during  the  evenings  and  early 
morning.  The  highest  air  temperatures 
prevailed  during  the  period  of  maximum 
wind  velocity  and  the  resultant  wave  ac- 
tion. This  daily  cycle  undoubtedly  in- 
creased the  warming  effects  of  the  sun  on 
water  temperatures,  since  surface  temper- 
atures sometimes  increased  3°  C.  from 
early  morning  to  the  time  of  maximum 
wind  intensity. 

Information  on  water  levels  and  volume 
of  outflow  has  been  collected  by  the  Sur- 
face Water  Branch  of  the  U.S.  Geological 
Survey  (1952,  1953,  1954,  1955;  also  un- 
published data) .  The  annual  water  level 
fluctuation  of  Lake  Yellowstone  varies 
from  1.5  to  1.8  meters.  The  water  level 
is  lowest  from  January  to  March,  rises 
rapidly  to  a  high  in  late  June  and  July, 
and  recedes  from  July  to  December.    The 


annual  outflow  in  thousands  of  cubic 
meters  through  the  Yellowstone  River 
varied  by  water  year,  October  through 
September,  as  follows:  1951-52, 1,386,454 
1952-53,  1,270,505;  1953-54,  1,284,073 
1954-55,  1,003,674;  1955-56,  1,587,798 
1956-57,  1,270,949;  and  195^-58,  939,482. 
The  variation  in  outflow  by  month  follows 
the  water-level  curve  described  above, 
with  a  maximum  in  July  and  a  minimum 
in  December.  The  capacity  of  Yellow- 
stone Lake  is  about  14X109  cubic  meters. 
The  evaporation  rate  is  about  358,948,500 
cubic  meters  per  year,  considering  an  ap- 
proximate annual  evaporation  rate  of 
1.016  meters  (derived  from  p.  151  in 
Wisler  and  Brater,  1949).  Thus,  lake 
water  is  completely  replaced  about  every 
8  to  10  years. 

Lake  Yellowstone  freezes  over  in  De- 
cember or  January,  and  ice  does  not  leave 
until  the  last  week  of  May  or  early  June. 
The  ice  reaches  a  thickness  of  0.4  to  0.9 
meters. 


MORPHOMETRY 


The  bottom  configuration  of  Yellow- 
stone Lake  was  mapped  with  a  fathometer 
mounted  on  a  launch  during  the  summers 
of  1954,  1955,  and  1956.  The  depth  con- 
tours were  measured  by  a  series  of  tran- 
sects at  1-mile  intervals  in  both  north- 
south  and  east-west  directions  throughout 
the  lake.  Transects  were  made  in  other 
directions  to  verify  the  depths  determined 
by  the  grid  method  and  to  measure  various 


arms.    A  map  was  constructed  to  20-meter 
contours  (fig.  1). 

Yellowstone  Lake  has  a  surface  area  of 
35,391  hectares  (136.66  square  miles),  a 
maximum  measured  depth  of  98  meters 
(320  feet),  a  mean  depth  of  42  meters  (139 
feet),  and  a  basin  capacity  of  14X109 
cubic  meters  (12,095,264  acre  feet).  The 
areas  of  lake  bottom  at  various  depth 
ranges  are  shown  in  table  2.     The  lake 


basin  has  a  deep  trench  along  the  east 
shore  which  extends  into  both  the  South 
Arm  and  Southeast  Arm.  It  extends 
westward  between  Stevenson  and  Frank 
Islands  to  a  point  near  the  west  shore  of 
the  main  body  of  the  lake.  The  lake  basin 
in  West  Thumb  is  more  cone-shaped,  with 
no  islands  and  with  the  deepest  area  in  the 
approximate  center  of  the  thumb. 

The  lake  is  shaped  like  a  hand  with 
three  fingers  and  a  thumb,  and  has  a 
shoreline  development  of  3.04.  The  water- 
shed has  an  estimated  area  of  261,590 
hectares  (1,010  square  miles)  and  consists 
principally  of  lodgepole  pine  forest  and 
alpine  meadows.  The  largest  stream  en- 
tering the  lake  is  the  upper  Yellowstone 


River,  but  the  lake  cannot  be  considered 
simply  an  enlarged  section  of  the  river, 
since  42.2  percent  of  the  lake  watershed 
is  outside  the  upper  Yellowstone  River 
drainage. 


Table    2. 


Areas    of   various    depth    ranges    in 
Yellowstone  Lake 


Area,  in- 

Percent 

Depth  range 

Square 
miles 

Acres 

Hec- 
tares 

of  total 

Less  than  20  meters 

20-40  meters 

31.44 
34.82 
26.70 
26.40 
17.29 

20, 121 
22,  282 
17,  088 
16,  893 
11,066 

8,143 
9,017 
6,916 
6,837 
4,478 

23.01 

25.48 

40-60  meters 

19.54 

60-80  meters   

19.32 

80-95  meters 

12.65 

Total  area  of  lake. 

136.  65 

87,  450 

35, 391 

METHODS 


Limnological  stations. — Originally,  in 
1954, 20  stations  were  established  for  meas- 
uring physical  and  biological  conditions. 
In  1957  the  number  was  reduced  to  10  be- 
cause it  was  found  that  variations  in  the 
lake  could  be  accurately  determined  from 
the  10  stations  shown  on  figure  1. 

Temperature  and  surface  currents. — 
Temperatures  were  measured  by  a  bathyo- 
thermograph  (depth  range,  61  m.)  which 
was  calibrated  periodically  with  a  resist- 
ance thermometer.  Temperatures  below 
61  meters  were  collected  with  a  reversing 
thermometer.  For  describing  water  strati- 
fication, the  metalimnion  as  defined  by 
Hutchinson  (1957)  has  been  used  to  define 
the  whole  region  in  which  the  temperature 
gradient  is  steep. 

Surface  currents  were  determined  by  re- 
leasing 340  drift  bottles  on  16  different 
seeding  lines  in  the  lake.  The  bottles 
were  designed  by  the  Great  Lakes  Biologi- 
cal Laboratory  (Johnson,  1958).  These 
bottles  were  found  to  resist  wind  action 
unless  surface  currents  were  produced  by 
wind.  To  facilitate  recovery,  our  bottles 
were  painted  red  by  swirling  thinned  paint 


on  the  inside.  The  bottles  were  released 
while  maintaining  a  launch  at  a  constant 
speed  and  releasing  the  bottles  at  constant 
time  intervals.  Bottles  were  recovered, 
and  their  locations  noted,  by  National 
Park  Service  employees,  tourists,  and  U.S. 
Fish  and  Wildlife  employees. 

Bottom  currents.  —  Bottom  currents 
were  measured  by  a  modification  of  the 
leaning-tube-type  current  indicator  de- 
scribed by  Carruthers  (1958a  and  1958b). 
The  indicator  (fig.  2)  proved  accurate 
enough  to  measure  current  speeds  to  the 
nearest  tenth  of  a  knot  and  to  measure  di- 
rection to  within  20  degrees.  The  graph 
illustrated  by  Carruthers  (1958b)  was 
used  for  recording  current  speedf  since  it 
was  found  that  our  modification  of  his 
bottle  followed  this  curve  the  same  as  a 
bottle  constructed  to  his  specification. 

Water  chemistry. — Standard  Methods 
for  the  Examination  of  Water,  Sewage, 
and  Industrial  Wastes  (U.S.  Public 
Health  Association,  1955)  was  used  as  a 
guide  for  dissolved-oxygen,  free-carbon- 
dioxide,  and  alkalinity  determinations. 
Oxygen  values  were  corrected  for  temper- 
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Figure  2. — Diagrammatic  sketch  of  bottom-cur- 
rent indicator. 


ature  and  altitude  from  the  nomograph 
in  Hutchinson  (1957).  Specific  conduct- 
ance was  determined  by  a  conductivity 
bridge  and  readings  were  converted  to  a 
standard  25°  C.  A  more  complete  chem- 
ical analysis  of  four  water  samples  was 
conducted  by  the  Surface  Water  Branch 
of  the  U.S.  Geological  Survey. 

Secchi  disk  transparency. — A  Secchi 
disk  (20  cm.  in  diameter,  black  and  white) 
was  used  to  measure  the  limit  of  visibility, 
and  a  water  telescope  was  utilized  to  elim- 
inate surface  glare. 

Bottom  soils. — Five  bottom-soil  samples 
were  analyzed  for  chemical  properties  by 
the  Soils  Laboratory  of  Utah  State  Uni- 
versity. The  percentage  of  organic  matter 
in  59  additional  samples  was  determined 
by  the  laboratory.  Observations  were 
made  on  the  distribution  of  boulders,  rub- 
ble, silt,  sand,  and  other  bottom  types  in 
different  sections  of  the  lake. 

Plankton. — Net  plankton  tows  were 
made  with  a  Wisconsin  plankton  net  using 
No.  25  bolting  cloth  during  1956.  This 
method  sampled  the  top  10-meter  stratum 
of  water  and  the  net  strained  an  estimated 


211  liters  (10.99  cu.  ft.)  of  water.  Several 
inherent  errors  in  this  method  (as  sum- 
marized by  Welch,  1948)  are  recognized. 
The  samples  were  preserved  in  a  3 -percent 
solution  of  formaldehyde. 

In  1957  and  1958  water  for  net  plank- 
ton analyses  was  collected  with  a  3-liter 
Kemmerer  water  sampler.  Each  sample 
consisted  of  10  liters  of  water  and  was 
strained  through  a  plankton  net  with 
No.  25  bolting  cloth.  Plankton  samples 
for  phytoplankton  measurements  were 
counted  in  a  Sedgewick-Eafter  counting 
cell  under  a  magnification  of  100  X.  For 
zooplankton  analyses,  samples  were 
counted  with  a  rotary-type  counter  under 
a  dissecting  microscope  at  a  magnification 
of  30X  (Ward,  1955).  Data  on  phyto- 
plankters  are  weak  because  many  forms 
pass  through  No.  25  bolting  cloth.  Only 
abundant  zooplankters  were  identified  to 
species. 

Bottom  organisms. — Bottom  samples 
were  collected  with  a  6-  by  6-inch  (231 
sq.  cm.)  Ekman  dredge,  and  the  organisms 
were  separated  from  the  bottom  soils  by 
sieving  through  a  No.  30  Tyler  (0.589 
mm.)  screen.  Four  samples  were  col- 
lected at  each  station.  Sandy  or  rocky 
bottoms  could  not  be  sampled  adequately 
with  the  Ekman  dredge,  although  we  de- 
termined the  type  and  relative  abundance 
of  organisms  in  these  bottom  types  by  tak- 
ing several  dredge  samples.  Common 
forms  were  identified  to  species  by 
specialists. 

Stomach  analyses. — Stomachs  for  food 
contents  were  collected  from  anglers  by 
creel-census  clerks  in  1957  and  1958.  Ad- 
ditional stomachs  were  collected  with  gill 
nets  in  1957  and  1958.  All  were  preserved 
in  formalin  and  sorted  in  the  laboratory. 
Organisms  were  identified  as  closely  as 
possible  and  counted.  Aliquots  were  used 
in  counting  large  samples. 

Gill  netting. — Experimental  gill  nets 
(125  by  6  ft.)  with  square  meshes  2%,  2, 
l1/^,  1,  and  %  inches  were  used  for  sam- 
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pling  Bah  in  difFerenl  Bections  of  the  lake 
at  different  depths.    All  nets  were  Bet  from 

<;  p.m.  on  one  day  and  picked  up  from 
-  in  in  ;i.m.  the  following  morning.  Each 
Bel  i-  considered  to  be  an  equal  sample  of 
an  overnighl 

Three  areas  of  the  lake 
have  been  differentiated  for  purposes  of 
oompari]  limnology   with   move- 

ments  trout  and  fishing  pressure  in- 
iy.  The  West  Thumb  area  consists 
of  the  lake  west  of  a  line  between  Rock 
Point  and  AYolf  Point  and  includes  19.1 
percent  of  (he  lake  area  (see  fig.  1).  The 
northern  area  consists  of  all  of  the  lake 
north  of  a  line  between  Rock  Point  and 
Elk  Point  and  includes  25.4  percent  of  the 
a  rea.  The  southern  area  consists  of  all  the 
lake  south  and  east  of  these  lines  and  in- 
cludes 55.5  percent  of  the  area. 

Catch  of  fish. — Creel  census  data  were 
collected  on  Yellowstone  Lake  from  1950 


to  1959  and  the  method  has  been  de- 
scribed (Moore,  et  al.,  1952).  The  catch 
each  year  was  computed  from  sampling 
different  segments  of  the  fishery,  such  as 
shore  fishermen,  guide  boats,  and  private 
boats.  All  of  the  fishing  in  each  segment 
of  the  creel  census  was  done  predomi- 
nantly in  a  certain  area.  It  was  thus  pos- 
sible to  determine  with  some  accuracy  the 
total  catch  each  year  as  coming  from  each 
of  the  three  areas  of  Yellowstone  Lake. 
The  West  Thumb  harvest  includes  all  row- 
boats  and  guide  boats  from  West  Thumb, 
20  percent  of  the  trailer-boat  catch,  and 
25  percent  of  the  shoreline  catch.  The 
catch  from  the  southern  area  consisted  of 
75  percent  of  the  cruiser  catch,  15  percent 
of  the  trailer  boat  catch,  and  5  percent  of 
the  catch  from  Lake  or  Fishing  Bridge 
guide  boats.  All  remaining  fish  caught 
were  taken  in  the  northern  area. 


LAKE  CURRENTS 


Surface  currents.  —  Certain  considera- 
tions are  necessary  in  the  interpretation 
of  drift  bottle  data : 

1.  Few  bottles  were  recovered  in  the  open 
water,  and  the  route  that  a  bottle  followed 
from  its  release  point  to  its  destination  was 
unknown.  The  predominant  currents  in  the  lake 
were  deduced  from  a  series  of  recoveries. 

2.  The  number  of  bottles  recovered  on  cer- 
tain isolated  southern  sections  of  the  lake  shore 
waa  low  owing  to  infrequent  visits  by  tourists 
and  National  Park  Service  employees.  Special 
efforts  were  made  by  our  employees  to  collect 
bottles  in  these  areas,  but  many  undoubtedly 
were  lost. 

3.  Descriptions  of  recovery  points  were  rarely 
precise  and  no  attempts  were  made  to  interpret 
minor  diffVronces  in  the  general  current  pat- 
terns from  a  few  unusual  recovery  points. 

»  Complete  analyses  of  the  influence  of  daily 
wind  direction  on  currents  is  not  possible.  The 
wind  data  includes  readings  at  4  p.m.  at  the 
Lake  Ranger  station  and  experience  has  shown 
thai  these  readings  did  not  always  reflect  con- 
ditions for  the  entire  lake  or  even  for  a  complete 
day. 


Our  surface-current  information  is 
based  on  the  recovery  of  155  bottles  from 
340  released,  or  a  recovery  rate  of  45.6 
percent.  A  summary  of  the  release  points 
and  recovery  points  is  plotted  in  appendix 
figures  1  and  2.  Surface  currents  as 
derived  from  these  recoveries  are  shown 
in  figure  3. 

The  surface  currents  on  Yellowstone 
Lake  during  1957  and  1958  flowed  mostly 
toward  the  north,  east,  or  northeast,  and 
were  caused  by  the  predominant  winds 
from  the  south  and  southwest  (table  1). 
Occasional  winds  from  the  east  or  south- 
east had  much  less  velocity  than  winds 
from  the  south  or  southwest.  Most  re- 
coveries were  made  on  the  north  and  east 
shores  of  the  lake.  The  only  area  where 
the  currents  regularly  deviated  from  the 
above-mentioned  directions  was  around 
Frank  Island  and  at  the  entrance  to  West 
Thumb.    Several  bottles  were  carried  from 


seeding  lines  northwest  of  Frank  Island 
(seeding  lines  E  and  F  on  appendix  tables 
1  and  2)  into  West  Thumb  and  southeast 
of  Frank  Island.  Most  of  the  bottles  that 
were  released  within  West  Thumb  were 
collected  on  the  north  and  northwest 
shores  of  the  main  body  of  the  lake,  point- 
ing to  the  large  amount  of  surface  water 
leaving  Thumb  Lake.  Surface  water  in 
the  South  and  Southeast  Arms  also  was 
carried  northward,  although  many  bottles 
were  recovered  on  the  east  shores  of  these 
arms. 

The  current  speed  can  only  be  approxi- 
mated, but  one  bottle  traveled  a  minimum 
of  7  miles  in  1  day.    Several  bottles  were 


collected  after  being  carried  10  miles  in  2 
days. 

Bottom,  currents. — Bottom  currents 
were  measured  at  57  stations  from  August 
20  to  September  7,  1959,  and  the  results 
plotted  on  figure  4.  The  following  gen- 
eral conclusions  were  deduced  from  these 
measurements : 

1.  Some  water  flows  along  the  lake  bottom  into 
West  Thumb. 

2.  Currents  southwest  of  Frank  Island  were 
variable,  but  flowed  generally  to  the  northeast. 

3.  Currents  in  the  northeast  main  body  of  the 
lake  flowed  northward  along  the  east  shore  and 
westward  along  the  north  shore. 

4.  There  was  evidence  of  clockwise  bottom  cur- 
rent circulation  within  West  Thumb. 
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Figure  3. — Direction  of  surface  currents  on  Yellowstone  Lake  as  deduced  from  drift-bottle  recoveries 

shown  in  appendix  figures  A  and  B. 


tent   relation  was  found  between 
depth  and  current  speed. 

//,  lotion*  !  mrface  and  bottom 

currents.  The  predominani  north  and 
northeasterly  flow  of  surface  water  in 
Yellowstone  Lake  is  generally  compen- 
I  by  a  northwesterly  and  southwester- 
ly flow  of  water  along  the  lake  bottom. 
of  water  that  piles  up  on 
the  east  shore  of  Yellowstone  Lake  forces 
bottom  currents  to  flow  in  northerly  and 
westerly  directions,  and  bottom  currents 
continue  to  flow  westward  back  into  West 
Thumb  section.  The  bottom-current  cir- 
culation in  West  Thumb  suggests  a  clock- 
wise movement.  Mixture  of  bottom  and 
surface  water  probably  occurs  in  West 


Thumb  as  evidenced  from  our  temperature 
and  water-chemistry  information  pre- 
sented later.  Undoubtedly  the  subsurface 
current  patterns  described  above  are  an 
oversimplication  of  the  currents  actually 
occurring  in  Yellowstone  Lake,  although 
our  data  do  not  allow  a  more  complete  de- 
scription of  the  true  conditions.  Mortimer 
(1952)  described  the  occurrences  of  in- 
ternal seiches  in  Windemere,  and  both  our 
current  and  temperature  data  (presented 
later),  when  compared  with  Mortimer's 
data,  suggest  similar  conditions  in  Yellow- 
stone Lake.  This  is  true  especially  in  the 
region  from  West  Thumb  to  the  north- 
east shore  where  the  movement  of  surface 
water  is  most  pronounced. 
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Vuahk   t.    Measurements  of  bottom  currents  in  Yellowstone  Lake  from  August  20  to  September 

7,  1959. 


WATER  TEMPERATURES 


Water  temperatures  at  different  depths 
in  Yellowstone  Lake  have  been  measured 
from  June  to  the  middle  of  October.  Data 
from  Station  A  have  been  used  for  illus- 
trating seasonal  and  annual  differences 
because  it  is  north  of  the  area  of  greatest 
surface  water  movement  and  the  most 
complete  data  have  been  collected  at  this 
station  (fig.  5).  After  the  ice  leaves  near 
the  end  of  May  or  in  early  June,  the  lake 
begins  to  warm,  but  remains  virtually 
homothermous  (4.5  to  5.8°  C.)  during 
early  June.  This  period  is  comparable  to 
the  early  spring  warming  period  described 
by  Church  (1945)  for  Lake  Michigan.  In 
late  June  the  surface  water  begins  to  form 
a  protective  warmer  layer,  although  no 
clear-cut  metalimnion  has  yet  formed.  At 
this  time  several  temporary  metalimnion 
layers  have  been  observed  (see  June  30, 
1959,  in  fig.  5),  as  has  been  recorded  by 
Pennak  (1955)  from  Grand  Lake,  Colo- 
rado. Surface  temperatures  reach  be- 
tween 10.0  and  14.0°  C.  during  this  phase. 

In  middle  July  a  permanent  metalim- 
nion begins  to  form  and  the  temperature 


gradient  in  the  epilimnion  narrows  down 
to  about  10°  C.  The  depth  of  the  epilim- 
nion during  its  early  formation  usually 
varies  from  5  to  10  meters.  During  late 
July  and  early  August  the  stratification 
becomes  complete  and  the  summer  stagna- 
tion period  described  by  Church  begins. 
Surface  temperatures  recorded  during  this 
period  varied  from  15.5  to  17.8°  C,  while 
the  total  temperature  drop  in  the  epilim- 
nion was  usually  less  than  4°  C.  The  tem- 
perature gradient  in  the  metalimnion 
varied  from  a  drop  of  12°  C.  in  10  meters 
to  10°  C.  in  3  meters.  Temperatures  be- 
low 90  meter  depths  during  complete 
stratification  were  not  recorded  below  4.6° 
C,  which  is  the  temperature  reached  be- 
fore stratification. 

In  late  August  the  lake  surface  water 
begins  to  cool  and  the  metalimnion  starts 
to  sink.  This  latter  layer  develops  a 
smaller  temperature  range  and  the  tem- 
perature gradient  decreases.  Tempera- 
tures in  September  at  30  meters  were 
higher  than  in  August,  due  to  the  sinking 
of  the  metalimnion.    On  October  15, 1958, 
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Figure  5. — Water  temperatures  (°C.)  to  30  meters  off  Lake  Area  from  1954  to  1059.     Mean  monthly 

air  temperatures  each  year  included. 
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the  surface  temperature  was  9.1°  C.  and  a 
Blighl  metalimnion  was  still  present  from 
82  to  35  meters. 

Differences  in  time  of  stratification 
among  years  appeared  to  be  related  to 
mean  monthly  air  temperatures  in  June 
and  July,  shown  <>n  figure  5.  Comparable 
data  for  L956and  L959  both  showed  earlier 
complete  stratification  than  other  years, 
and  the  mean  air  temperatures  for  these 
months  were  higher  than  recorded  during 

other  years. 

A  comparison  of  the  water  levels  of 
Yellowstone  Lake  from  1954  to  1959  (table 
3)  with  temperature  stratification  sug- 
gests  that  the  thickest  epilimnion  strata 
formed  in  August  during  the  years  of 
high  water  such  as  1954,  1956,  and  1957. 
Higli  water  levels  in  1959  were  not,  how- 
ever, associated  with  a  deep  epilimnion. 
All  years  of  high  water  showed  a  more 
abrupt  temperature  gradient  in  the  meta- 
limnion  than  the  years  of  low  water  levels. 
This  condition  is  possibly  caused  by  the 
heavier  stream  runoff  during  high  water 
level  years,  since  stream  temperatures 
reach  either  close  to  or  above  epilimnion 
temperatures  soon  after  the  first  heavy 
runoff  period  in  early  July,  and  stream 
water,  therefore,  remains  in  and  increases 
the  depth  of  the  epilimnion  layer.  The 
dat  a  suggest  that  Yellowstone  Lake  circu- 
lates twice  a  year  and  is  a  first-class  di- 
mictic  lake,  as  classified  by  Hutchinson 
(1957). 


Table  3. — Mean  monthly  water  levels  in  Yellow- 
stone Lake  during  June,  July,  August,  and 
September,  195/,  to  1959 

[In  meters  above  the  datum  of  2,357.48  meters.  Date  collected  by 
U.S.  Geological  Survey,  1952,  1953,  1954,  and  1955,  and  unpub- 
lished data] 


Year 

June 

July 

August 

September 

1954 

1.31 
1.07 
1.83 
1.37 
1.07 

1.58 
1.24 
1.59 
i  1.44 
1.07 
1.44 

1.03 

0.90 

1.03 

i  0.97 

10.75 

0.95 

0.64 

1955 

0.57 

1956 

0.66 

1957 

0.63 

1958 

•0.50 

1959 

1  Data  not  complete. 

Striking  differences  were  evident  be- 
tween the  thermal  stratification  patterns 
in  the  West  Thumb  area  and  in  the  east 
central  part  of  the  lake.  West  Thumb  had 
a  thin  epilimnion  and  an  indistinct  meta- 
limnion,  while  the  north  central  section 
had  a  thick  epilimnion  and  a  very  distinct 
metalimnion  (fig.  6).  Intermediate  con- 
ditions existed  at  the  neck  of  West  Thumb 
and  in  other  sections  of  the  lake.  These 
conditions  were  caused  by  the  predomi- 
nant winds  from  the  south  and  southwest. 
Data  from  drift  bottles  showed  that  sur- 
face water  is  moved  from  West  Thumb 
to  the  central  and  north  central  parts  of 
the  lake.  This  water  movement  probably 
caused  an  upwelling  in  West  Thumb  and 
a  piling  up  of  surface  water  in  the  eastern 
part  of  the  lake.  Miller  (1952)  and  Ayers 
and  associates  (1958)  observed  conditions 
similar  to  this  in  certain  windy  areas  of 
the  Great  Lakes. 


SECCHI  DISK  TRANSPARENCY 


Readings  with  a  Secchi  disk  during  Au- 
gust, 1!>:>7  and  1959,  varied  from  6.5  to 
B.3  meters  on  overcast  days  and  from  8.8 
to  10.1  meters  on  clear  days.  Variations 
among  different  stations  in  the  lake  were 
not  consistent  and  were  not  always  related 


to  plankton  abundance.  These  readings 
were  greater  than  those  recorded  by  Pen- 
nak  (1955)  for  mountain  lakes  in  Colo- 
rado, even  though  all  were  collected  dur- 
ing the  August  pulse  of  Andbaeyia  or  the 
period  of  lowest  transparency. 
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Figure  6. — Depths  of  isotherms   (°0.)   in  West  Thumb   (station  G)  and  the  east  central  part  of 
Yellowstone  Lake  (station  C)  during  1956  and  1959. 


WATER  CHEMISTRY 


Yellowstone  Lake  is  located  approxi- 
mately on  the  Continental  Divide  and 
drains  a  watershed  of  igneous  rocks  of 
volcanic  origin.  The  chemical  composi- 
tion of  the  water  is  "primitive"  in  the 
sense  that  it  has  not  been  altered  by  civili- 
zation, and  it  does  not  drain  sedimentary 
rocks. 

Ionic  composition. — The  ionic  composi- 
tion of  the  water  classifies  it  as  the  bicar- 
bonate type,  as  defined  by  Rodhe  (1949) 
(table  4).  By  arranging  the  major  elec- 
trolytes into  milliequivalents  which  pre- 
sents their  reacting  weight,  major  anions 
exist  in  the  order  of  HC08,  S04,  CI.  The 
major  cations  exist  in  the  order  Na,  Ca, 


Mg,  K,  which  is  indicative  of  soft  water 
draining  igneous  rocks.  This  ionic  com- 
position is  similar  to  North  German  soft- 
water  lakes  summarized  by  Ohle  (1955). 
Bicarbonates  ranged  from  33  to  35 
mg./l.  while  most  ionic  concentrations 
were  relatively  1owt.  Several  differences 
were  apparent  from  a  comparison  of  ions 
from  the  four  sections  of  the  lake.  In 
general,  West  Thumb  water  had  the  high- 
est values  of  Ca,  Mg,  Na,  K,  CI,  F,  and  B. 
Concentrations  near  the  outlet  and  east  of 
Stevenson  Island  were  similar  to  each 
other  and  the  lowest  values  wTere  in  the 
Southeast  Arm.  The  higher  values  in 
West  Thumb  are  due  both  to  an  upwelling 
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Tabu  1.     Chemical  analysis  of  water  collected  from  2  to  10  meters  at  four  stations  in  Yellowstone 

Lake  on  July  28,  1958 


[Analyses  by  U.S.  Geological  Survey 

Milliequivalents  per  liter  (me./l.)  presented  for  major  cations  and  anions 

Analysis  of  water  collected  in- 

Constituents 

Middle  Southeast 
Arm 

Middle  West 
Thumb 

Four  miles  east  of 
Stevenson  Island 

Near  outlet 

mg./l. 

me./l. 

mg./l. 

me./l. 

mg./l. 

me./l. 

mg./l. 

me./l. 

glOj                                                          

7.4 

0.02 

4.5 

2.4 

8.0 

1.8 

33 
8.0 
4.4 
0.5 
0.2 
0.08 

86.3 
6.8 

54 
21 

7.2 
0.01 
5.0 
2.6 
9.4 
2.0 

35 
8.0 
5.6 
0.6 
0.1 
0.13 

96.4 
6.8 

57 
23 

5.6 

0.02 

4.9 

2.4 

9.1 

1.5 

35 
9.8 
4.6 
0.5 
0.1 
0.09 

92.2 
6.7 

55 
22 

5.7 

0.02 

4.5 

2.4 

8.9 

1.7 

34 
7.8 
4.8 
0.5 
0.1 
0.10 

93.2 
7.0 

55 
21 

Fe                        

~6~2445~ 
.1974 
.3957 
.0384 
.5737 
.2040 
.1297 



0.  2245 
.1974 
.3478 
.0460 
.5408 
.1666 
.1241 

0.  2495 
.2138 
.4087 
.0512 
.  5737 
.1666 
.1579 

0.  2245 

Mr  ..              

.1974 

Na 

.3870 

K - 

.6435 

HCOi  . 

.5573 

S04    .           - 

.1624 

CI  ..             

.1354 

1                                         



B                                              .   

T > 1 1                          ---. 

Dissolved  solids  residue    on  evaporation    at 
180°  C 

influence  caused  by  south  and  southwester- 
ly winds  and  possibly  to  hot  spring  activ- 
ity on  the  west  shore  and  below  the  water 
surface  in  West  Thumb.  Water  from  hot 
springs  is  rich  in  Si02,  C02,  Na,  and  CI. 
Hot  spring  water  would  presumably  rise 
to  the  surface  immediately,  and  any  in- 
fluences would  be  recorded  in  our  sam- 
pling. Up  welling  water  was  considered 
to  be  of  greater  importance,  however, 
because  data  presented  later  on  conduc- 
tivities indicated  the  increase  in  ionic  con- 
centrations was  related  to  the  clockwise 
circulation  in  West  Thumb  and  not  to  the 
principal  locality  of  hot  spring  activity 
in  the  extreme  west  end  of  the  Thumb. 
Also,  there  is  no  evidence  of  local  hot 
spring  influence  in  the  reading  from  the 
outlet  where  Pelican  Creek  contributes 
much  water  from  hot  springs.  Higher 
Si02  in  the  Southeast  Arm  is  believed  to 
be  due  to  the  inflow  of  the  Yellowstone 
River. 

Conductivities.— Water  conductivity  is 
directly  related  to  total  dissolved  solids 
or  total  ion  concentration.  Conductivities 
from  various  stations  at  5  and  10  meters 
(epilimnion)  in  Yellowstone  Lake  showed 
that  West  Thumb  usually  showed  the 
highest   readings,   while  Southeast  Arm 


showed  the  lowest  readings  (table  5).  In 
general,  the  northern  part  of  the  lake 
showed  higher  readings  than  the  southern 
section.  The  pattern  of  water  circulation 
probably  causes  this  condition.  The 
monthly  changes  from  July  to  Sep- 
tember were  not  consistent  at  any  station, 
although  the  highest  epilimnion  readings 
were  usually  recorded  immediately  after 
complete  thermal  stratification.  In  1957 
this  occurred  in  early  July  and  in  1959 
it  occurred  in  late  June. 

Conductivities  usually  increased  with 
depth,  but  not  consistently  so  (table  6). 
The  stations  which  were  most  influenced 
by  the  summer  water  circulation,  such  as 
West  Thumb,  east  of  Dot  Island,  and  Elk 
Point,  showed  maximum  readings  in  mid- 
August.  Those  protected  stations,  such  as 
east  of  Frank  Island  and  in  South  Arm 
had  minimum  readings  in  August.  The 
epilimnion  layers  were  more  shallow  (6-8 
m.)  in  the  protected  stations  than  in  the 
exposed  stations  (12-15  m.),  and  it  is 
reasonable  to  assume  that  a  more  concen- 
trated trophogenic  zone  would  use  up 
nutrients  more  rapidly  than  a  broad  zone. 
Also,  the  mixture  of  surface  and  deep 
water  in  exposed  stations  would  serve  as 
a  method  of  replenishment  of  nutrients. 
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Table  5. — Conductivities  {25°  C.)  in  reciprocal  megohms  at  different  locations  in  Yellowstone  Lake 

from  1957  to  1959 

[Dates  of  collection  for  each  month  below  each  year.    Figures  represent  average  of  readings  at  5-  and  10-meter  depths] 


June 

July 

August 

September 

Means 

Location  in  lake 

1957 
(June 
20-25) 

1959 
(June 

26- 
July  1) 

1957 
(July 
2-10) 

1958 
(July 
12-18) 

1959 
(July 
14-22) 

1957 
(Aug. 
19-23) 

1958 
(Aug. 
6-14) 

1959 
(Aug. 
10-13) 

1957 

(Sept. 
15-18) 

1958 
(Sept. 
3-4) 

1959 

(Aug. 

30- 
Sept.2) 

of 

read- 
ings by 
area 

101 

84 
87 
91 
86 
86 

94 

103 
115 
123 
105 
101 
77 

91 

86 
90 

86" 

85 

91 
91 
83 
86 

104 

101 
103 
99 
80 
78 
75 

89 

89 
99 

80" 
93 
86 

88 

57 
98 
103 
76 
76 
97 

90 

63 
105 
105 
62 
64 
63 

91 

91 
89 
92 
86 

86 

84 

92 
88 
91 
74 
75 
93 

92 

Five    kilometers    east    of 
Stevenson  Island 

86 

Off  Dot  Island 

95 
101 

97 
101 

85 

96 

Middle  West  Thumb 

Off  Frank  Island 

99 
83 

84 

Mouth  Southeast  Arm 

72 

81 

Mean     readings     for 
period..  ...  ...  ... 

97 

87 

103 

88 

85 

91 

89 

85 

79 

89 

85 

Table  6. — Variations  in  conductivities  (25°  C),  in  reciprocal  megohms,  collected  during  1959  by 

depth  (meters)  and  location 


Location  of  collecting  point 

June  26- July  1 

July  29-August  3 

August  10-13 

10 

15 

30 

46 

61 

10 

15 

30 

46 

61 

0 

15 

30 

46 

61 

106 
98 
91 
91 

76 

89 

Middle  West  Thumb ...     ...        

91 
88 
91 
84 
86 
86 

88 

91 

96 
88 
88 
91 
90 

91 

93 

90 

87 
87 
88 
107 

92 

100 
94 
90 
97 
86 
90 

93 

92 

95 
88 

"88" 
91 

89 
86 
75 
73 
88 
86 

83 

89 
85 
73 

78 
88 
87 

83 

93 

89 

96 

88 

97 

---- 

103 
98 
93 
87 
75 
80 

89 

104 
108 
95 
89 
76 
78 

92 

107 
105 
96 
91 

East  of  Dot  Island .      ...._. 

103 
89 
91 

Off  Elk  Point 

95 
87 
76 
76 

84 

89 

Ten  kilometers  east  of  Stevenson  Island -     . 

79 
89 

79 
89 

78 
88 

105 

72 
94 

76 
92 

74 
89 

Mean  by  depth  and  sampling  period..    ._.__.. 

88 

88 

88 

97 

The  distribution  of  conductivities  by 
depth  in  and  near  West  Thumb  was  mea- 
sured on  July  29,  1959,  to  determine  how 
surface  and  bottom  current  measurements 
were  related  to  conductivities  (fig.  7). 
The  data  clearly  demonstrated  a  clockwise 
circulation  with  conductivities  increasing 
from  the  south  to  the  north  section  of  the 
area.  The  accumulation  of  additional  nu- 
trients from  subsurface  waters  or  upwell- 
ing  can  account  for  the  increase  in  nu- 
trients as  water  circulates  in  West  Thumb. 
The  hot  spring  activity  is  concentrated  in 
the  western  part  of  the  thumb.  Both  hot 
springs  and  upwelling  probably  accounted 
for  the  increases  in  the  western  and  north- 
ern stations. 

Alkalinity.  —  Bicarbonate  alkalinities 
measured  during  1957  ranged  from  22  to 


41  mg./l.,  usually  varying  from  30  to  33 
mg./l.  The  readings  showed  the  same 
general  seasonal,  horizontal,  and  vertical 
distributions  as  conductivities. 

Dissolved  oxygen. — Theinemann  (1928) 
showed  that  lake  morphometry  has  a 
strong  bearing  on  oxygen  concentrations, 
and  that  large,  deep  lakes  rarely  develop 
deficits.  In  1957  oxygen  was  measured  at 
all  stations  of  the  lake  from  mid-June  to 
mid-September,  and  most  readings  down 
to  60  meters  were  near  saturation.  Some 
seasonal  measurements  of  oxygen  concen- 
trations as  compared  with  saturation 
values  are  shown  in  table  7,  which  also 
presents  the  lowest  dissolved  oxygen  read- 
ing recorded,  that  of  53  percent  saturation 
on  July  25,  1957. 
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Table   7.     Bonn    summer  dissolved   oxygen  concentrations    (DO)   from  Yellowstone  Lake  during 
1951  and  1!)59,  compared  with  saturation  (S)  values 


[Values  in  milligrams  per  liter  and  adjusted  for  altitude. 

Collected  at  stations  A  and  B] 

Depth 

June  20,  1957 

July  25,  1957 

Aug.  20,  1957 

Sept.  18,  1957 

Sept.  10,  1959 

DO 

S 

DO 

S 

DO 

S 

DO 

S 

DO 

S 

10.0 
10.0 
10.2 

9.5 
9.5 
9.6 

7.4 
7.4 

7.7 
7.8 

7.2 
7.2 
8.0 

7.2 
7.3 
7.2 

7.8 
8.2 
8.0 

7.3 

7.5 
7.5 

8.5 

8.8 

9.8 

9.7 

8.4 

7.9 

8.3 

8.6 

8.3 
8.3 
8.3 

8.2 

8.3 
8.6 
8.7 
9.3 

8.3 
8.0 
8.7 
8.2 
8.0 
6.2 

9.2 

9.6 

8.9 

9.3 

4.9 

9.2 

9.2 

9.3 

9.5 

9.5 

Depth  Conductivity 
10  90 

15  91 

30  97 

46  97 


Depth 

Conductivity 

10 
15 
30 
46 

86 
85 
89 

88      b> 

Depth 

Conductivity 

Dot  Island 

10 

88 

Depth  Conductivity 
10  89 

15  89 

30  93 

46  96 


KILOMETERS 


Depth  Conductivity 
10  89 

15  88 

30  91 

46  93 


Figure  7.— Conductivities  at  different  depths   (meters)   in  West  Thumb  and  near  Dot  Island  on 

July  29,  1959. 


Weather  conditions  in  the  summer  of 
1959  caused  the  water  to  stratify  earlier 
than  in  1957  or  1958  (fig.  5),  which  could 
presumably  allow  an  oxygen  deficit  to  in- 
crease. Measurements  made  on  August 
10,  1959,  near  Stevenson  Island  showed  a 


deficit  at  92  meters  of  64  percent  satura- 
tion. There  is  little  question  that  during 
the  short  (approximately  45  days)  period 
of  complete  stratification,  a  partial  oxygen 
deficit  develops  below  30  meters  in  Yellow- 
stone Lake.     The  relatively  short  period 
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of  complete  stratification,  however,  pre- 
vents a  severe  depletion  that  would  in- 
fluence the  composition  of  bottom  fauna 
or  would  even  prevent  fish  from  inhabit- 
ing this  zone.  Pennak  (1955)  found  a 
greater  progressive  oxygen  deficiency  dur- 
ing the  summer  by  depth  in  Bear  Lake, 
Colo.,  than  was  present  in  Yellowstone 
Lake.  His  data  on  phytoplankton  and 
carbon  dioxide,  however,  suggested  higher 
biological  activity  for  Bear  Lake. 

Free  ccwbon  dioxide. — Free  carbon  di- 
oxide existed  in  all  samples  collected  dur- 
ing 1957.  Eeadings  ranged  from  1.5 
p.p.m.  on  the  surface  to  13.3  p.p.m.,  at  61 
meters  (table  8) .    The  water  depth,  which 


showed  a  pronounced  increase  in  carbon- 
dioxide  content  (above  10  p.p.m.),  de- 
creased from  45  meters  in  July  to  19  in 
August.  The  depth  of  19  m.  in  August 
was  just  below  the  metalimnion. 

Table  8. — Free  carton  dioxide  concentrations  in 
mg./L,  oy  month  and  depth  during  summer 

of  1957 

[Mean  of  readings  at  various  stations] 


Depth 

June 

July 

August 

September 

0  meters ...  ... 

3.5 
3.8 

4.0 

3.5 
4.3 

5.4 

2.0 

6  meters .  ... 

3.5 

6.0 

12.5 

3.4 

10  meters .. 

3.5 

19  meters..     ..  ... 

4.0 

30  meters _ .      

3.0 

11.5 

45  meters _ .     ..___. 

12.8 
13.3 

61  meters..    .. 

BOTTOM  TYPES 


Types  and  distribution. — Bottom  types 
in  Yellowstone  Lake  consist  of  boulders, 
rubble,  black  obsidian  sand,  and  fine  clays 
with  organic  matter.  Boulders  are  exposed 
in  quantity  only  on  the  east  shore  and  on 
the  windward  shore  of  Frank  Island. 
Bubble  areas  are  concentrated  on  the  east 
shore  and  in  a  few  exposed  sections  of  the 
South  and  Southeast  Arms.  The  most 
common  shallow  (less  than  2  m.)  water 
bottom  type  is  black  obsidian  sand  which 
contains  less  than  one  percent  organic  mat- 
ter. Silty  loams  with  varying  amounts  of 
organic  matter  make  up  more  than  95  per- 
cent of  the  bottom  type  of  Yellowstone 
Lake.  The  amount  of  organic  matter  in 
the  bottom  sediments  increases  with  depth, 
with  a  correlation  coefficient  from  59  sam- 
ples of  0.80  (table  9) .  In  general,  bottom 
soils  below  50  m.  possess  more  than  5  per- 
cent organic  matter,  while  bottom  soils  be- 
tween 25  and  50  meters  have  more  than  2 
percent  organic  matter.  There  are  many 
exceptions  to  this  condition  which  can  be 
explained  by  water  movements.  Areas 
with  a  greater  movement  or  exchange  of 
water,  such  as  the  Southeast  Arm  with  the 
inflowing    Yellowstone    River,    allow    a 


smaller  amount  of  organic  matter  to  ac- 
cumulate than  do  other  similar  areas,  such 
as  the  South  Arm,  with  less  water  ex- 
change. Water  currents,  as  described  ear- 
lier, prevented  organic  matter  from  ac- 
cumulating in  as  great  a  quantity  in  the 
neck  of  West  Thumb  as  in  areas  of  similar 
depth  inside  West  Thumb.  Greater  than 
average  amounts  of  organic  matter  ac- 
cumulated around  Sand  Point,  where  an 
eddy  current  is  probably  present,  as  shown 
from  several  drift  recoveries.  Organic 
matter  deposition  on  the  lake  bottom  of 
less  than  20  meters  in  depth  has  much  in- 
fluence on  fish  distribution  and  fish  food 
production.  Those  areas  with  much  or- 
ganic matter  had  large  stands  of  aquatic 
plants,  which  had  high  standing  crops  of 
tendipedids  and  Gammarus.  As  shown 
later,  the  latter  organisms  are  important 
foods  for  cutthroat  trout. 

Chemical  properties. — Bottom-sediment 
samples  were  analyzed  to  determine  what 
differences  in  organic  carbon,  nitrogen, 
P205,  and  cation  exchange  existed  in  sec- 
tions of  the  lake  by  depth.  Soil  samples 
were  all  classified  as  silt  loam  in  agricul- 
tural terminology  and  were  typical  of  the 


16 


soft  bottom  sediments.  The  shallow  sta- 
t  ions  had  greater  amounts  of  organic  car- 
bon and  less  phosphate  (table  10)  than  the 
deeper  stations.  The  cation  exchange  ca- 
pacity was  greater  in  the  deeper  stations. 
Nitrogen  readings  were  not  related  to 
depth.  The  data  show  a  greater  utiliza- 
tion of  nutrients  in  shallow  water.    With 


respect  to  growth  conditions  for  aquatic 
plants,  both  Roelofs  (1944)  and  Wohl- 
schag  (1950)  found  that  organic  matter 
content  and  site  conditions  were  fre- 
quently of  greater  importance  than  phos- 
phates, nitrates,  or  other  nutrients,  and 
these  same  factors  appear  to  be  most  im- 
portant in  Yellowstone  Lake. 


Table  9. — Percentage  of  organic?  matter  in  bottom  soils  by  location  and  depth  at  59  points  in  13 

sections  of  Yellowstone  Lake 


Location  and  depth 

Percentage 

of  organic 

matter 

Location  and  depth 

Percentage 

of  organic 

matter 

We3t  Thumb: 

3.22 
4.13 
6.72 
6.33 

5.28 
6.14 
5.64 
5.81 
6.38 

0.31 
1.93 
1.72 

1.75 
2.67 
7.43 
6.40 

6.40 
1.48 

1.91 
6.02 
2.49 
4.45 
6.19 
6.23 

4.20 
3.54 
3.23 
3.04 
1.22 

South  end  of  Southeast  Arm: 

32  meters..-                      ..    ...-        ..    

4.64 

40  meters...  ...      ..      ....          ..     . 

3.20 

49  meters...  ......      ...        .    . 

3.58 

2.08 

1.94 

0.89 

Mouth  of  South  Arm: 

3.54 

7.22 

Neck  of  West  Thumb: 

58  meters...                       .     ..     .. 

6.69 

South  end  of  South  Arm: 

15  meters..      .      ..    . ...... 

9.12 

6  meters ... 

6.40 

3.78 

Rock  Point  to  Wolf  Point: 

53  meters 

Frank  Island  to  Elk  Point: 

0.22 

5.85 
5.42 
5.44 
5.85 

22  meters 

70  meters. 

64  meters .  ... 

Mouth  of  Flat: 

33  meters ...    _. 

Sand  Point  to  Elk  Point: 

11  meters . 

6.71 

Eagle  Bay  to  Signal  Point: 

1  meter .-_-..-         .     . 

3.66 

79  meters 

8.33 

82  meters 

5.90 

82  meters 

6.00 

81  meters 

6.24 

46  meters 

4.68 

75  meters ... 

Stevenson  Island  to  Steamboat  Point: 
76  meters..    . 

6.43 

Mouth  of  Southeast  Arm: 

6.31 

40  meters 

6.88 

69  meters .. 

Stevenson  Island  to  outlet: 

76  meters ... 

2.29 

49  meters 

6.72 

5  meters 

6.30 

Table  10. — Some  chemical  properties  of  six  samples  of  bottom  soils  (silt  loam)  in  Yellowstone  Lake, 

collected  August  15-30,  1958 


Location 

Depth 
(meters) 

PH 

Organic 
carbon 

(percent) 

Nitrogen 
(percent) 

C/N  ratio 

P2O5 
p.p.m. 

Cation 
exchange 
capacity 

Organic 

matter 

(percent) 

Southeast  Arm 

40 
70 
15 
3 

88 

6.5 
5.7 
6.8 
6.0 
6.1 

2.60 

.325 
.262 
.562 
.392 
.415 

8.0 

68 

118 

45 

41 

280 

47.6 
58.0 
42.0 
40.2 
54.0 

7.26 

Southeast  Arm... 

South  Arm 

3.70 
3.38 
2.24 

6.5 
8.6 
5.3 

6.36 
5.81 
3.85 

South  Arm 

East  of  Stevenson  Island 

AQUATIC  PLANTS 


The  distribution  and  relative  abundance 
of  aquatic  plants  has  a  great  bearing  on 
the  production  of  those  bottom  organisms 


which  are  important  cutthroat  trout 
foods.  Collections  of  aquatic  plants  were 
made  with  a  plant  hook  and  while  col- 
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lecting  bottom  samples  with  an  Ekman 
dredge.  The  species  collected  and  their 
depth  distributions  were  as  follows : 

Meters 

Potamogeton  richardsonii 1-  5 

Potamogeton    praelongus 5-10 

Potamogeton   pusillus 1-18 

Potamogeton  robbinsii 5-10 

Potamogeton   gramineous   var.    gramini- 

folius 0-  3 

Lemna     trisulca 2-18 

Ceratophyllum    demersum 1-17 

Najas  flexilis 2-  8 

Myriophyllum  exalbescens 1-  5 

Ranunculus  aquaticus 0.5-  5 

Fontinalis    sp 2 

Elodea   canadensis 0-  2 

Nitella  flexilis 1 

Eleocharis   sp 0.5-  1 


Meters 

Sagittaria  cuneata 0.5 

Sparganium  sp 0-  2 

Aquatic  plant  beds  were  generally  re- 
stricted to  protected  littoral  areas  where 
organic  matter  was  allowed  to  accumulate 
and  were  not  present  below  a  depth  of  18 
meters.  The  most  extensive  beds  were  lo- 
cated at  1  to  10  meter  depths  in  South  and 
Southeast  Arms,  on  the  lee  sides  of 
Stevenson  and  Frank  Islands,  and  near 
the  outlet.  On  windy,  exposed  shorelines, 
such  as  on  the  east  shore  or  on  the  wind- 
ward side  of  Stevenson  Island,  plant  beds 
were  dense  from  7  to  15  meters.  Aquatic 
plants  in  West  Thumb  were  more  abun- 
dant on  the  protected  south  shore  than  on 
the  exposed  north  shore. 


PLANKTON 


Only  general  statements  can  be  made 
about  the  abundance,  seasonal  changes, 
and  genera  of  phytoplankton  from  sam- 
ples collected  in  1956.  Plankton  collec- 
tions in  1957  and  1958  were  aimed  prima- 
rily at  sampling  zooplankters. 

Phytoplankton. — The  siliceous  nature  of 
the  watershed  undoubtedly  caused  the 
predominance  of  diatoms  in  the  phyto- 
plankton. Except  for  an  annual  August 
pulse  of  Anabaena,  various  diatoms  such 
as  Asterionella,  Melosira,  and  Stephano- 


discus,  dominated  the  phytoplankton  flora 
(table  11) .  A  dense  pulse  of  Asterionella 
occurred  in  1955,  1956,  1957,  and  1958, 
soon  after  the  ice  left  in  early  June. 
This  pulse  extended  to  35  m.  in  depth  and 
was  associated  with  high  water  levels  due 
to  melting  snows.  Melosira  formed  a  pulse 
to  a  lesser  extent  in  late  July  and  remained 
abundant  until  September.  Anabaena 
formed  a  heavy  pulse  during  the  first  two 
weeks  of  August  during  all  years  meas- 
ured.    This  pulse  caused  a  green  cast  in 


Table  11. — Mean  number  of  phytoplankton  cells  collected  per  liter  (to  nearest  whole  number)  from 
all  sections  of  Yellowstone  Lake,  June  28  to  August  31, 1956 

[Each  sample  represents  one  plankton  haul  from  10  meters  to  surface] 


Number  collected  during  period- 

Alga  genus 

June  28- 
July  6  (10 
samples; 

July  10-17 

(14 
samples) 

July  20-24 

(13 
samples) 

July  30-31 
(5 

samples) 

Aug.  1-3 

(7 
samples) 

Aug.  7-10 

(11 
samples) 

Aug.  15-16 

(5 
samples) 

Aug.  20-24 

(8 
samples) 

Aug.  29-31 

(3 
samples) 

Asterionella 

Steph  anodiscus 

Melosira 

128,711 
68 
2,138 
10 
0 
889 
1 

115,  896 

74 

903 

8 

14 

123 

11 

24,  764 

41 

61 

5 

14 

591 

11 

54, 955 
18 
0 
1 
0 
7,420 

2,349 

34 

260 

5 

12 

16,807 

3 

961 

0 

132 

40 

4 

11,830 

2 

1,566 

10 

2,125 

2 

1 

17, 998 

4 

583 
88 
48 
98 
20 

389 
33 

1,073 
48 
128 

Staurastrum.. 

Coelastrum 

Anabaena 

1 
82 
0 

Other' 

6 

'  Includes  Coelosphaerium,  Pleurococcus,  Cosmarium,  Naviculu,  Fragillaria,  Ulothrix,  Closterium,  Pinnularic,  Suriella,  Coinpylo- 
discus,  unidentified  desmids. 
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the  water  due  to  small  clumps  of  algal 
filaments.  Data  from  1956  showed  West 
Thumb  to  be  the  most  productive  section 
of  the  lake  with  Southeast  Arm  the  least 
productive.  Stations  in  t  he  north  and  cen- 
tral areas  of  the  lake  were  similar  to  those 
in  South  Ann  and  around  Frank  Island. 
These  pulses  were  similar  to  those  reported 
by  Pennak  (1955)  for  Grand  Lake,  Colo., 
although  they  were  less  intensive. 

Zooplankton. — The  zooplankton  fauna 
consisted  principally  of  Conochilus  uni- 
cornis, Diaptomus  shoshone,  Daphnia 
schoedleri,  and  nauplii  of  Diaptomus. 
Vortic'eUa  occurred  commonly  during  the 
Anabaena  pulse  in  August,  but  no  other 
species  were  commonly  observed.  A  few 
Cyclops  were  identified,  but  they  occurred 
so  rarely  (less  than  0.1  percent)  that  they 
have  been  included  with  Diaptomus  for 
purposes  of  enumeration.  Also,  a  few 
Diaptomus    minutus    were    identified. 


Forbes  (1893)  reported  few  Cyclops,  but 
vast  numbers  of  Diaptomus.  Keratella 
was  collected  occasionally,  but  the  rotifer 
fauna  consisted  almost  entirely  of  Co- 
nochilus unicornis.  Pennak  (1957)  found 
that  one  dominant  species  of  copepod, 
cladoceran,  or  rotifer,  was  usually  present 
in  Colorado  limnetic  communities. 

The  vertical  distributions  of  zooplank- 
ters  showed  that  the  depth  range  where 
the  largest  number  occurred  extended 
from  5  to  18  meters  (table  12) .  Diaptomus 
were  most  abundant  during  July  at  5  and 
10  meters,  but  were  present  to  45  meters. 
Nauplii  were  most  abundant  during  late 
July  at  the  depth  range  of  15  to  23  meters. 
Daphnia  were  never  abundant  from  any 
plankton  samples,  but  increased  in  num- 
ber in  September.  Daphnia  schoedleri, 
the  only  cladoceran  collected  in  Yellow- 
stone Lake,  is  an  inshore  swarming  species 
and  was  not  sampled  adequately  at  the 


Table  12. — Verical  distribution  of  Diaptomus    (Di),  nauplii  of  Diaptomus   (N),  Daphnia   (Da) 

and  rotifers  (R)  during  1957  and  1958 


[Number  per  Uteris  derived  from  10-liter  samples  combined  from  all  limnologieal  stations  in  Yellowstone  Lake, 
shown  in  parentheses.    Diaptomus  counts  include  a  few  Cyclops] 


Number  of  samples 


Depth  and  plankter 

June  1-30 

July  1-15 

July  16-30 

August 
1-15 

August 
16-31 

September 
3-18 

Mean 

number 

per  sample 

0  meters 

(8) 
8.8 
4.9 
0.2 
0.2 

(7) 

10.5 
8.7 
0.2 
4.4 

(7) 

15.4 
8.4 
0 
1.2 

(12) 
7.7 
6.1 
0.1 
0.5 
(11) 

18.7 

11.8 
0.3 

15.5 
(12) 
9.4 

10.7 
0 

17.2 

(5) 
3.2 
7.7 
0 
0.3 

(4) 

5.6 

7.4 

0.1 
37.2 
(8) 
21.7 
10.2 

0.5 
151.9 
(8) 
13.2 
15.8 

0 

85.0 
(3) 

5.1 
46.9 

0.4 
168.0 
(1) 

3.5 
55.7 

0 

2.3 
(2) 

4.3 
17.4 

0 

2.2 

(3) 
0.9 
1.2 
0.3 
0 
(ID 

13.7 

10.9 
0.7 
193.0 
(15) 
8.1 
5.8 
1.7 

61.5 
(15) 
3.4 

15.2 
0.1 

53.2 

(6) 
2.1 
8.0 
0 
1.4 

(6) 
1.2 
2.1 
0.1 
2.7 

(1) 
1.2 
4.1 
0 
0.6 

(3) 

3.4 

2.6 

0.1 

5.5 
(12) 
13.2 
12.0 

0.9 
41.3 
(ID 
10.4 
19.9 

0.8 
51.2 
(8) 

5.0 
16.2 

0.7 
59.1 
U) 

2.7 
17.7 

0 

4.2 

(15) 
4.9 
5.8 
2.3 
2.4 
(16) 

14.9 

13.8 
3.1 

17.7 
(12) 

14.2 

14.0 
3.5 

22.5 

(9) 

11.7 

18.1 
1.1 

10.6 

(2) 
8.9 

15.0 
2.1 

24.3 

(5) 
4.2 
9.1 
0.6 
2.0 

(45) 
6  0 

Di 

N 

5  3 

Da 

0  9 

R 

4  6 

5  meters 

(65) 
15  4 

Di 

N 

11  6 

Da 

1  2 

R 

66.4 
(65) 
11  3 

10  meters 

Di 

N 

12  1 

Da 

R 

40.8 
(40) 
5  7 

15-18  meters  __ 

Di 

N 

17  5 

Da 

0  5 

R 

46  8 

21-23  meters 

(10) 
3  7 

Di 

N 

15  1 

Da 

0  2 

R 

6  3 

30  meters    

(2) 

10.5 

11.0 

0 

3.5 
(1) 

8.0 

6.7 

0 

0 

(15) 

Di.... 

3.9 

N 

7.7 

Da 

0.2 

R 

2.5 

45  motors    

(1) 
2.4 
0.7 
0 
0 

(3) 
3.9 

DI        

N 

3.8 

Da 

0 

R 

0.2 
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various  stations  for  this  reason.  In  late 
August,  1959,  two  large  swarms  covering 
an  estimated  14,000  cubic  meters  each 
were  observed,  and  each  swarm  contained 
400  to  500  Daphnia  per  liter.  These  con- 
centrations were  located  by  anglers  who 
were  taking  advantage  of  the  fish  concen- 
trations in  these  areas.  The  intensity  of 
these  swarms  probably  varies  annually, 
since  such  large  concentrations  would 
probably  have  been  observed  previously. 
Tonolli  (1954)  found  that  annual  clado- 
ceran  populations  varied  greatly  in  Italian 
alpine  lakes  due  to  meteorological  condi- 
tions. He  found  that  warmer  weather 
increased  populations  significantly,  and 
related  these  conditions  to  the  velocity  of 
cladoceran  developmental  processes.  The 
concentration  in  1959  may  have  been  due 
to  the  fact  that  the  epilimnion  formed 
earlier  than  in  other  years  observed  (fig. 
5).  Kotifers  were  abundant  from  the 
middle  of  July  to  mid -August,  and  they 
extended  in  abundance  down  to  18  meters. 
Those  plankton  organisms  important  as 
food  for  cutthroat  trout  did  not  extend  in 
abundance  below  18  meters  in  depth. 

The  abundance  of  zooplankters  amongst 
different  sampling  stations  can  be  com- 
pared from  our  data  on  table  13.  The 
Southeast  Arm  (Station  J)  showed  the 
lowest  numbers.  This  fact  is  probably  due 
to  the  great  exchange  of  water  from  the  in- 
flowing Yellowstone  River  and  to  the  low 
amount  of  nutrients  in  this  arm.  Dia- 
ptomus  and  nauplii  were  never  abundant 
in  this  section  of  the  lake.  The  West 
Thumb  section  showed  poor  standing  crops 
and  this  was  due  to  the  continual  removal 
of  surface  water  from  this  area  as  shown 
both  by  current  and  temperature  informa- 
tion. The  heaviest  populations  were  in 
the  northeast  and  central  parts  of  the  lake 
where  surface  water  accumulates  from 
wind  action.  McMahon  (1954)  found  that 
the  movement  of  surface  water  due  to  wind 
action    also    concentrated   entomostracan 


plankters  in  the  lee  sections  of  Lakelse 
Lake,  British  Columbia,  Canada.  The  ex- 
treme north  section  of  the  lake  and  the 
South  Arm  were  similar  in  numbers  col- 
lected. The  large  number  at  Station  F  on 
the  lee  side  of  Frank  Island  is  believed  to 
be  due  to  its  protected  nature. 


Table  13. — Mean  number  of  organisms  per  liter 
from  June  15  to  September  15,  1957,  among  10 
sampling  stations  in  Yellowstone  Lake 

[All  samples  collected  at  5-  and  10-meter  depths  and  separated 
as  Diaptomus  (Di),  nauplii  of  Diaptomus  (N),  Daphnia  (Da), 
and  rotifers  (R).    Sampling  stations  shown  in  figure  1] 


Month  and  station 

Number 

of 
samples 

Di 

N 

Da 

R 

June: 

A 

2 
2 

1.4 
3.0 

1.2 
0.7 

0 
0 

0 

B 

0 

C-- 

D 

E_.        

2 
2 

22.1 
32.0 

15.0 
20.  i 

0 
0.2 

9.4 

F 

0 

Q 

H 

2 
2 
2 

4 
2 
2 
2 
2 
3 
2 
4 
4 
4 

4 
4 
4 
4 
3 
4 
2 
4 
4 
4 

2 
1 
1 
2 

11.7 

20.0 

0.3 

16.3 
22.5 
21.2 
21.6 
20.5 
19.5 
12.9 
22.5 
18.8 
8.7 

13.0 
25.7 
13.7 
13.4 
13.7 
15.8 
10.4 
11.4 
8.8 
4.6 

6.1 
3.2 
15.1 

5.6 

11.4 
14.4 
0 

10.2 
13.3 
21.6 
14.3 
34.3 

6.3 
10.8 
12.8 
17.4 

4.4 

8.8 
15.3 
15.3 
14.7 
12.7 
13.7 

6.6 
24.4 
14.8 

9.4 

8.5 
6.8 
8.0 
3.7 

0 

0.5 

0 

0.2 

0 

0 

0 

0 

0 

0 

0 

0.7 

1.2 

0.8 

1.6 

5.8 

0.1 

0.7 

1.1 

0.9 

0 

0.5 

2.1 

1.4 
0 

3.7 
0.9 

0 

I 

0 

J 

0 

July: 

A 

39.1 

B 

7.0 

C 

353.6 

D 

10.1 

E 

57.7 

F 

253.0 

Q.                 

71.4 

H 

42.1 

I 

53.0 

J 

55.5 

August: 

A 

119.4 

B...     

84.1 

C-.     

61.8 

D 

166.2 

E 

80.5 

F 

170.8 

G 

36.5 

H 

117.1 

I ._ 

36.6 

J 

50.9 

September. 

A 

39.3 

B 

22.8 

C 

0 

D 

9.3 

E 

F 

2 
2 

2 

1 
1 

8.2 
10.9 

7.3 
17.9 

5.2 

13.4 
3.2 
16.1 
21.3 
10.4 

1.8 
2.0 
0.9 
1.1 
6.5 

24.4 

G._ 

6.2 

H.            

8.4 

I               

11.2 

J 

9.1 

Di 

N 

Da 

R 

All 

organ- 
isms 

Mean,  all  samples: 
A... 

11.0 

17.4 
16.0 
13.5 
18.0 
18.4 
11.4 
14.5 
15.3 
5.4 

8.0 
10.7 
Hi.  1 
11.8 
19  5 
12.8 

().  0 
17.0 
16.3 

6.0 

0.6 
0.7 
3.8 
0.3 
0.3 
0.8 
0.9 
0.2 
0.6 
1.8 

59.4 
41.5 

136.3 
88.0 
53.7 

135.5 
38.0 
54.4 
33.6 
39.5 

79.0 

H         

70.3 

o..    

172.2 

D... 

113.6 

E 

91.5 

F              

167.5 

G 

57.2 

II        

86.1 

I 

65.8 

J.... 

52.7 

20 


BENTHOS 


Studies  on  benthos  included  the  deter- 
mination of  vertical  and  horizontal  dis- 
tribution of  the  common  organisms.  The 
sampling  of  hard-botton  areas  of  the  lit- 
toral zone  was  sparse,  but  observation  did 
not  disclose  any  great  concentrations  of 
organisms  in  these  areas,  possibly  because 
of  heavy  molar  action.  Undoubtedly,  the 
numbers  of  Ephemeroptera  and  Trichop- 
tera  were  much  higher  than  our  sampling 
disclosed.  The  common  organisms  pres- 
ent, their  depth  distribution,  and  abun- 
dance were  as  follows: 

Lumbriculidae  (usually  Limnodrilus  sp.)- — 
sparsely  present  0  to  95  meters  on  silty  bottom. 

Tuhifcx  tubifex  (O.  F.  Muller) — only  occurred 
in  abundance  in  clumps  on  delta  of  Yellowstone 
River  in  Southeast  Arm — 10  meters. 

Helobdella  stagnalis  (Linnaeus) — sparsely  dis- 
tributed in  entire  lake  down  to  15  meters  on 
silt  bottom. 

Hyallela  azteca  (Saussure) — common  from  0 
to  15  meters  around  aquatic  plant  bed. 

Gammarus  lacustris  (Sars) — abundant  on  pro- 
tected shores  down  to  30  meters — present  to  43 
meters — most  abundant  around  aquatic  plant 
beds. 

Ephemerella  sp. — common  only  on  poorly 
sampled,  rocky  shorelines,  from  0  to  8  meters. 

Psychomyia  sp. — rare  from  1  to  5  meters. 

Dicosmoecus  sp. — common  from  0  to  25  meters. 


Tendipes  (Tendipes) — abundant  from  0  to  30 
meters. 

Tendipes  (Limnochironomus)  —  moderately 
abundant  to  90  meters. 

Prodiamesa — present  at  all  depths  and  most 
abundant  from  70  to  90  meters. 

Procladius — moderately  abundant  to  30  meters. 

Pisidium — present  from  0  to  30  meters. 

Sphaerium — present  from  20  to  60  meters. 

The  standing  crops  of  benthic  organisms 
at  various  depth  ranges  showed  that  the 
6-  to  11 -meter  range  was  the  most  produc- 
tive in  number,  with  a  mean  of  1,036  or- 
ganisms per  square  meter  (table  14) .  This 
large  production  was  composed  princi- 
pally of  Oligochaetes  (Tubifex),  Gam- 
marus, and  Hyallela.  Gammarus  ex- 
tended in  moderate  abundance  to  23 
meters,  but  the  largest  concentration  was 
in  the  1-  to  5-meter  range.  Tendipedids 
were  most  abundant  in  the  6-  to  11 -meter 
range,  but  were  numerous  down  to  92 
meters.  Sphaeriids  were  common  at  1-  to 
5 -meters.  The  highest  numbers  of  Gam- 
marus were  found  around  aquatic  plant 
beds  of  Potamogeton  pusillus  and  Lemna 
trisulca,  but  fish  predation  (to  be  discussed 
later)  undoubtedly  influenced  these  num- 
bers. 


Table  14. — Mean  number  of  bottom  organisms  collected  per  square  meter  at  various  depth  ranges 

in  Yellowstone  Lake,  June  15  to  September  18,  1957,  and  July  15  to  August  80,  1958 

[N=number  collected;  F=frequency  of  occurrence] 


Collected  at  depths  of— 

Organism 

0-5  meters 
(16  samples) 

6-11  meters 
(32  samples) 

12-17  meters 
(30  samples) 

18-23  meters 
(11  samples) 

24-58  meters 
(21  samples) 

61-92  meters 
(5  samples) 

N 

F 

N 

F 

N 

F 

N 

F 

N 

F 

N 

F 

Oligocheata .. 

5 

20 

22 

34 

537 

153 

11 

2 

3 

4 
6 
7 
8 
15 
8 
4 
2 
1 
1 

366 

70 

4 

83 
295 
216 
2 
0 
0 
0 

14 
21 
3 
20 
28 
14 
2 
0 
0 
0 

23 

7 

4 

295 

158 

84 

0 

0 

0 

1 

15 
6 
5 
25 
21 
6 
0 
0 
0 
2 

36 
0 
4 
245 
178 
3 
0 
0 
0 
0 

7 
0 

10 
6 

0 
0 
0 
0 

42 
13 
4 
497 
54 
0 
0 
0 
0 
0 

14 
3 
2 

21 
9 
0 
0 
0 
0 
0 

39 
4 
0 
280 
0 
0 
0 
0 
0 
0 

3 

Hirudinea 

1 

8phaeriidae 

o 

Tondipedidae 

3 

Gammarus  lacustris... 

o 

Hyallela  azteca 

0 

Trichoptera 

o 

Epheimroptora 

o 

Hydracarina 

o 

Gastropoda 

o 

Total 

788 

1,036 

572 

466 

610 

323 
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The  number  of  organisms  per  square 
meter  is  low  when  compared  with  those 
found  in  similar  studies.  Reimers, 
Maciolek,  and  Pister  (1955)  reported 
more  organisms  per  unit  area  for  their 
lakes  in  the  Sierras,  although  only  Lake 
Mildred  contained  many  amphipods.  The 
number  per  square  meter  also  was  lower 
down  to  60  meters  than  Rawson  (1953) 
reported  for  Great  Slave  Lake.  The  latter 
author  also  compared  the  percentage  com- 
position of  the  dominant  kinds  of  bottom 
organisms  from  several  large  North 
American  lakes;  the  Yellowstone  Lake 
bottom  fauna  was  similar,  except  that 
Gammarus  replaced  Pontoporeia  as  the 
dominant  amphipod.  Calhoun  (1944a) 
found  a  higher  standing  crop  in  Blue 
Lake,  Calif.,  than  in  Yellowstone,  but 


found  a  rapid  drop  in  production  below 
20  meters. 

The  number  of  bottom  organisms  in  dif- 
ferent areas  of  Yellowstone  Lake  was 
compared  from  2  to  15  meters  (table  15). 
The  largest  numbers  were  collected  off 
Lake  Area  in  the  northern  area  of  the 
lake.  The  lowest  number  was  off  Clear 
Creek,  which  is  an  exposed  wave-swept 
shoreline  where  organic  matter  does  not 
accumulate.  A  lower  number  than  would 
be  expected  was  present  in  the  South  Arm 
and  near  Frank  Island.  Most  of  the  dif- 
ferences between  these  latter  two  stations 
and  lake  were  in  numbers  of  Gammarus, 
which  is  an  important  food  for  cutthroat 
trout.  The  low  production  in  Southeast 
Arm  was  possibly  due  to  a  large  accumu- 
lation of  fine  silt  and  to  the  shifting 
bottom. 


Table  15. — Number  of  bottom  organisms  per  square  meter  at  six  stations  in  Yellowstone  Lake  in  1958 
[Samples  ranged  in  depth  from  2  to  15  meters  at  about  3-meter  intervals] 


Organism 


West  Thumb 
off  Solution 
Creek,  August 
5;  bottom  sand 
with  little  silt 
(6  samples) 


Southeast  Arm 

off  Trail  Creek, 

July  31;  bottom 

fine  silt  with 

little  sand  (6 

samples) 


South  Arm 

near  Peale 

Island,  August 

12;  bottom  sand, 

gravel,  and  silt 

(6  samples) 


Off  Clear 

Creek,  July  25; 

bottom  sand, 

gravel,  little 

silt  (4  samples) 


North  side  of 
Frank  Island, 
August  7;  bot- 
tom sand, 
gravel,  and  silt 
(5  samples) 


Lake  Area, 
July  28  and 

August  15;  bot- 
tom sand, 

gravel,  and  silt 
(6  samples) 


Oligochaeta 

Hirudinea 

Hyallela  azteca 

Oammarus  lacustris 

Hydracarina 

Ephemeroptera 

Trichoptera 

Tendipedidae 

Gastropoda 

Sphaeriidae 

Total 

Mean  number  per  sample 


0 

0 

203 

317 

7 

4 

11 

39 

0 

4 


585 
99.5 


216 
36.0 


65.5 


42.3 


4 

32 

176 

435 

0 

0 

0 

54 

0 

15 


716 
143. 


24 

48 

602 

919 

11 

3 

0 

108 

0 

18 


733 


VERTICAL  DISTRIBUTION  OF  CUTTHROAT  TROUT 


During  the  open- water  season,  cutthroat 
trout  in  Yellowstone  Lake  rarely  venture 
below  20-meter  depths.  During  1957  and 
1958  more  than  99  percent  of  the  cut- 
throat trout  were  captured  in  the  upper 
25  meters  of  water,  in  92  gill-net  sets 
(table  16).  Of  the  total,  63  percent  were 
collected  from  the  surface  to  15  meters, 
and  no  trout  were  captured  below  30 
meters.  This  type  of  vertical  distribution 
of  cutthroat  trout  has  been  documented 


by  McConnell,  Clark,  and  Sigler  (1957) 
for  Bear  Lake  in  Utah  and  Idaho,  al- 
though the  cutthroat  population  was 
small. 

Our  data  do  not  conclusively  show  great 
variations  in  vertical  distribution  among 
different  size  groups,  but  small  trout 
(155-200  mm.,  predominently  age  group 
II)  frequented  water  below  20  meters 
more  than  did  larger  trout. 
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mhtr  of  cutthroat  by  size  groups  captured  by  92  overnight  experimental  gill-net  sets 
rent  depth  ranges  in  Yellowstone  Lake  during  July  and  August  of  1957  and  1958 


Depth 

Number 
of  wn 

Number  in  size  group  range— 

Total 

■Less  than 
100  mm. 

105-150 
mm. 

155-200 
mm. 

205-250 
mm. 

255-300 
mm. 

305-350 
mm. 

355-400 
mm. 

Above 
400  mm. 

n 
n 

22 
11 
22 

8 
7 

0 
0 
0 
0 

0 
0 

0 
0 
0 
0 
0 
0 
0 

25 
51 
40 
6 
23 
1 
0 

30 
30 
16 
3 
3 
2 
0 

45 

36 

21 

3 

0 

1 
0 

55 
57 
38 
25 
10 
1 
0 

60 
39 
43 

28 
9 

1 
0 

4 
1 
2 
0 
0 
0 
0 

219 

214 

160 

65 



46 

6 

0 

Total - 

92 

1 

0 

146 

84 

106 

186 

180 

7 

710 

FOOD  OF  CUTTHROAT  TROUT 


The  most  abundant  organisms  found  in 
the  stomachs  of  cutthroat  trout  in  Yellow- 
stone Lake  were  Daphnia  shoedleri, 
Gammarus  lacustris,  and  various  species 
of  Tendipedidae  (table  17).  Diaptomus 
shoshone,  Trichoptera,  Plecoptera,  and 
Ephemeroptera  occurred  in  fewer  stom- 
achs. The  seasonal  changes  in  feeding 
habits  showed  that  Gammarus  was  most 
important  in  mid-July,  but  declined  in 
importance  in  August.  The  number  of 
Daphnia  increased  from  July  to  October 
and  is  believed  due  to  the  swarming  habit 
during  the  latter  part  of  the  summer. 
Tendipedidae  pupae  and  adults  were  com- 
mon in  stomachs  during  July  or  when  the 
major  emergences  occurred.  Tendipedidae 
larvae  were  not  utilized  heavily.  Diap- 
tomus occurred  in  few  stomachs  in  July, 
but  assumed  greater  importance  later  in 
the  season.  Only  three  stomachs  out  of 
400  coni  a i nod  fish,  and  these  were  cut- 
throat trout. 

Feeding  habits  of  trout  by  size  groups 
showed  thai  both  Gammarus  lacustris  and 
Daphhin  schoedleri  were  the  most  com- 
monly utilized  foods  of  all  sizes  of  trout 
(table  18).    There  was  a  gradual  transi- 


tion in  the  range  of  275  to  325  mm.  from  a 
zooplankton-bottom  fauna  diet  to  a  pre- 
dominantly bottom  fauna  diet.  Diapto- 
mus were  rarely  utilized  above  250  mm., 
and  Ephemerella  nymphs  and  Trichoptera 
were  most  important  among  large  fish. 
From  our  knowledge  of  the  distribution 
of  the  food  organisms  in  the  lake,  it  ap- 
pears that  small  trout  feed  both  in  the 
limnetic  and  littoral  zones  while  large 
trout  feed  almost  entirely  in  the  littoral 
zone.  Daphnia  schoedleri,  the  only  zoo- 
plankter  found  in  many  stomachs  of  large 
trout,  is  an  inshore  swarming  species. 

Differences  in  feeding  habits  in  two  sec- 
tions of  Yellowstone  Lake  were  demon- 
strated from  the  stomach  contents  of  344 
cutthroat  trout  caught  at  Fishing  Bridge 
and  West  Thumb  docks  (table  19) .  Stom- 
achs from  fish  caught  at  Fishing  Bridge 
contained  many  stream  organisms  and 
some  trout  eggs.  Trout  from  West  Thumb 
utilized  terrestrial  organisms  more  so  than 
trout  from  Fishing  Bridge.  Many  stom- 
achs from  Fishing  Bridge  contained  both 
Diaptomus  or  Daphnia  and  stream  bot- 
tom insects,  which  indicates  that  cutthroat 
trout  can  rapidly  change  their  feeding 
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habits  to  utilize  a  different  type  of  food,  predominant    south     and    southwesterly 

The  large  number  of  terrestrial  insects  winds  from  the  lodgepole-pine  forests, 

from  West  Thumb   included  the  wind-  Calhoun  (1944b)  found  that  cutthroat 

blown  bark  beetles,   wasps,   and  others,  trout   (Sahno  clarkii  henshawi)   utilized 

which  were  carried  into  the  water  by  the  Tendipes    larvae    more    commonly    than 


Table  17. — Stomach  contents  of  409  cutthroat  trout  captured  by  gill  nets,  by  time  of  capture  in  1958 


[All  sizes  combined. 


P  =  percent  of  stomachs  containing  organisms;  M=mean  number,  to  nearest  1.0,  of  food  organisms  per  stomach. 
Collected  from  South  Arm,  Lake  Area,  West  Thumb,  and  Southeast  Arm] 


Food  organism 


July  15-31 
(238  fish) 


M 


August  1-15 
(100  fish) 


M 


August  16-31 
(43  fish) 


M 


October  15 

(28  fish) 


M 


Daphnia..- 

Diaptomus 

Gammarus  lacustris 

Hyallela  azteca 

Hydracarina 

Plecoptera 

Ephemerella 

Trichoptera 

Tendipes  larva 

Tendipes  pupa 

Tendipes  adult 

Prodiamesa 

Procladius 

Hymenoptera  and  Coleoptera 

Gastropoda 

Pisidium 

Trout  eggs 

Trout 

Number  of  stomachs  empty. . 


19.7 
2.1 

56.7 
1.3 
2.5 
1.3 

10.1 
6.3 
8.8 

23.5 

20.6 
0.4 
1.3 
1.7 
2.1 
0.8 
0.4 
0.4 


209 

223 

25 

5 

5 

1 

13 

13 

19 

20 

28 

1 

4 

8 

5 

3 

4 

1 


24.0 

3.0 
41.0 

1.0 

0 

2.0 

3.0 

8.0 

4.0 
10.0 

8.0 

0 

0 

1.0 

0 

0 

0 

0 


295 
541 
27 
15 
0 
2 
3 
4 
2 
11 
4 
0 
0 
2 
0 
0 
0 
0 


37.2 

7.0 
30.2 

2.3 

0 

4.7 

0 

0 

0 

4.7 

2.3 

0 

0 

0 

0 

0 

0 

2.3 


72 
158 


82.1 
14.2 
17.8 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

7.1 

0 

0 

0 

3.6 


976 
93 

105 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
13 
0 
0 
0 

1 


30 


16 


Table  18. — Stomach  contents  of  298  cutthroat  trout  captured  by  gill  nets  during  July  and  August 

1958,  by  length  groups 

[P=percent  of  stomachs  containing  organisms;  M=mean  number  of  organisms  per  stomach,  to  nearest  1.0] 


Trout  size  range 

Food  organisms 

150-200 
(41  fish) 

205-250 
(66  fish) 

255-275 
(30  fish) 

280-300 
(19  fish) 

305-325 
(37  fish) 

330-350 
(45  fish) 

355-400 
(60  fish) 

P 

M 

P 

M 

P 

M 

P 

M 

P 

M 

P 

M 

P 

M 

Daphnia 

43.9 
12.2 
36.6 

7.3 

0 

2.4 

9.8 

0 

4.9 
17.1 

7.3 

2.4 

0 

0 

0 

0 

0 

381 

215 
13 
6 
0 
1 
2 
0 
3 
14 
24 
125 
0 
0 
0 
0 
0 

42.4 
7.6 

39.4 
0 

3.0 
1.5 

10.6 
4.5 
4.5 
9.0 

10.6 
0 
0 

1.5 
1.5 
0 
0 

477 

273 

24 

0 

10 

1 

2 

2 

15 

15 

17 

0 

0 

2 

7 

0 

0 

33.3 

0 
36.7 

0 

0 

0 

6.6 

1 

3.3 
16.6 
20.0 

0 

0 

3.3 

0 

0 

0 

349 

0 

11 

0 

0 

0 

16 

75 

49 

26 

42 

0 

0 

20 

0 

0 

0 

52.6 

0 
57.9 

0 

5.3 

0 

5.3 

5.3 

5.3 
21.0 

0 

0 

5.3 

0 

0 

0 

0 

749 
0 

32 
0 

0 
2 
1 
3 
5 
0 
0 
3 
0 
0 
0 
0 

24.3 

0 
40.5 

2.7 

5.4 

2.7 

2.7 
13.5 

0 

8.1 

5.4 

0 

0 

5.4 

0 

0 

2.7 

343 

0 

24 

15 

4 

1 

1 

7 

0 

15 

29. 

0 

0 

5 

0 

0 

1 

24.4 
2.2 

44.4 
2.2 
0 
0 

4.4 
4.4 
2.2 

24.4 

15.6 
0 

2.2 
2.2 
2.2 
0 
0 

267 
200 

26 

65 
0 
0 

33 
5 
3 

17 
5 
0 
8 
2 
7 
0 
0 

25.0 
1.7 

51.7 
0 

3.3 
0 

3.3 
1.7 
6.7 

20.0 
8.3 
0 

1.7 
1.7 
1.7 
3.3 
1.7 

189 

Diaptomus 

80 

30 

Hyallela 

0 

Hydracarina ._  . 

3 

Plecoptera 

0 

Ephemerella 

48 

Trichoptera 

24 

Tendipes  larva 

25 

Tendipes  pupa.. 

32 

Tendipes  adult 

54 

Prodiamesa 

0 

Procladius 

2 

Hyrrenoptera  and  Coleoptera 

2 

Gastropoda... .  .. 

2 

Pisidium 

3 

Trout.. 

1 

Number  of  stomachs  empty 

8 

5 

4 

2 

8 

6 

17 

24 

pupae  in  Blue  Lake,  due  to  a  scarcity  of 
other  food  organisms.  He  also  found  that 
plankton  Crustacea  were  used  more  com- 
monly than  Gammarus  and  immature 
chironomids  in  a  more  productive  lake. 
Some  workers  have  mentioned  the  pisciv- 
orous nature  of  cutthroat  trout  (Echo, 
1956;  McConnell,  et  al.,  1957)  when  large 
populations  of  forage  fishes  are  present. 
Irving  (1956)  found  mostly  Gammarus 
and  Tendipes,  but  few  fish,  in  cutthroat 
trout  from  Henrys  Lake,  in  spite  of  the 
large  number  of  forage  species  available. 
In  general,  cutthroat  trout  food  studies 
have  shown  a  preference  for  macrozoo- 
plankters  and  bottom  organisms  over  fish, 
except  where  unusually  large  cutthroat 
occur. 


Table  19. — Stomach  contents  of  344  cutthroat 
trout  caught  by  angling  in  the  vicinity  of 
Fishing  Bridge  and  West  Thumb  docks  from 
June  5  to  August  15  in  1957  and  1958 

[P=percent  of  stomachs  containing  organisms;  M=mean  number 
of  organisms  per  stomach,  to  nearest  1.0] 


Food  organism 


Oordius 

Daphnia 

Diaptomus 

Gammarus  lacustris 

Hyallela  azteca 

Plecoptera 

Ephemeroptera 

Odonata 

Hemiptera 

Trichoptera 

Hymenoptera  andColeoptera. 

Tendipes  larva 

Tendipes  pupa 

Tendipes  adult 

Procladius 

Pisidiv.m 

Cutthroat  trout  and  eggs 

Number  of  stomachs  empty.. 


Fishing  Bridge 
(169  fish) 


2.4 

11.2 

10.7 

18.9 

0.6 

8.9 

14.2 

0 

0 

10.7 
4.1 
6.5 
20.7 
5.9 
1.8 
1.8 
11.2 


M 


4 

171 

1,213 

12 

145 

7 

14 

0 

0 

6 


38 


West  Thumb 
(175  fish) 


0 

8.6 
16.6 
33.7 

0 

2.3 
12.0 

0.6 

1.1 

3.4 
16.0 

4.6 
37.7 
22.9 

0 

0 

0 


M 


0 
128 
714 

21 
0 
3 

34 
1 
3 
8 

10 
6 

22 

31 
0 
0 
0 
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TROUT  DENSITY  AND  LIMNOLOGY 


Angling  pressure  on  Yellowstone  Lake 
is  concentrated  in  the  northern  area  and, 
to  a  lesser  extent,  in  West  Thumb,  owing 
to  the  lack  of  access  in  the  southern  sec- 
tions. The  total  catch  by  area  from  1950 
to  1959  showed  that  an  average  of  66.7  per- 
cent of  the  fish  were  removed  from  the 
northern  area,  an  average  of  24.8  percent 
from  West  Thumb,  and  an  average  of  8.5 
percent  from  the  southern  area  (table  20) . 
The  northern  area  occupies  25.4  percent 
of  the  lake  area,  West  Thumb  19.1  percent, 
and  the  southern  area  55.5  percent. 

Three  possible  effects  of  this  unequal 
harvesting  of  trout  in  the  northern  area 
were  (1)  fewer  trout  in  relation  to  food 
abundance,  (2)  large  numbers  of  bottom 
organisms  owing  to  lack  of  predation,  and 
(3)  movements  of  trout  into  the  area. 

First,  gill-netting  in  different  sections 
of  the  lake  showed  fewer  trout  off  Lake 
Area  than  would  be  expected  from  the  hab- 
itat and  the  large  amount  of  food  (table 
21 ) .  All  gill-netting  was  carried  out  after 
the  major  spawning  runs  had  stopped. 


The  largest  number  were  caught  in  the 
South  Arm  and  around  Frank  Island. 
The  scarcity  of  trout  off  Clear  Creek  was 
due  to  the  exposed  wind-swept  nature  of 
the  shoreline.  The  scarcity  of  trout  in 
Southeast  Arm  is  believed  to  be  due  to  the 
low  food  production  and  the  fact  that  gill- 
netting  was  on  the  delta  of  the  Yellow- 
stone River,  which  cutthroat  do  not  fre- 
quent because  of  the  shifting  bottom. 


Table  20. — Percentage  of  trout  caught  in  each  of 
three  areas  of  Yellowstone  Lake,  by  years, 
1950  to  1959 


Percent  caught  in- 

Year 

Northern 
area 

West 

Thumb 

area 

Southern 
area 

Number 
caught 

1950 

69.4 
69.3 
68.7 
66.6 
69.1 
66.9 
64.0 
63.4 
64.7 
64.6 

24.6 
24.3 
23.4 
23.7 
22.0 
25.1 
25.6" 
26.9 
25.3 
27.1 

6.0 
6.4 
7.9 
9.6 
8.9 
8.0 

10.4 
9.7 

10.0 
8.3 

200,015 

1951 

208,255 

1952 

245, 277 

1953 

195,873 
215, 933 

1954 

1955 

286,056 

1956 

290,221 

1957 

301, 155 

1958 

349,027 

1959 

393, 467 

Mean  . 

66.7 

24.8 

8.5 

25 


Table  21. — Number  of  trout  of  more  than  200 

millimeters,  total  length,   captured  in  depths 

of  0  to  20  meters  in  six  areas  of  Yellowstone 

Lake  by  38  overflight  experimental  gill-net  sets 

in  1958 


Sampling  area 


Lake 

Middle  South  Arm 

Peale  Island 

Southeast  Arm 

Clear  Creek 

Frank  Island  and 
Plover  Point. 


Date  of  set 


July  25-Aug 
18. 

Aug.  13 

July  15-24... 

July  31 

Aug.  19   

Aug.  8-13... 


Num- 

Num- 

ber of 

ber  of 

sets 

trout 

caught 

6 

66 

3 

47 

14 

219 

3 

29 

3 

20 

9 

125 

Mean 
catch 
per  set 


11.0 


15.6 
15.6 


13. 


Second,  bottom  organisms  in  the 
northern  area  were  more  numerous  than 
would  normally  be  expected  from  the 
bottom  types  or  abundance  of  aquatic 
plants  (table  15).  The  number  of  organ- 
isms above  15  meters  at  Lake  Area 
averaged  288.8,  whereas  the  nearest  re- 
corded number  in  other  secti  ^»ns  of  the  lake 
was  143.2  at  Frank  Island.  The  greater 
abundance  of  bottom  organisms  in  the 
northern  area  was  due  to  more  Gammarus 
and  Hyallela,  the  principal  foods  of  the 
cutthroat  trout.  The  most  plausible  reason 
for  the  large  number  of  bottom  organisms 
at  Lake  Area  is  the  lack  of  trout  predation 
on  bottom  organisms  due  to  rapid  recruit- 
ment by  angling.  Both  Ball  and  Hayne 
(1952)  and  Eeimers  (1958)  demonstrated 
that  fish  populations  can  severely  deplete 
bottom  fauna  populations.  Wohlschlag 
(1950)  found  that  bluegills  fed  more 
heavily  in  areas  of  heavy  chironomid  pro- 
duction than  in  areas  of  low  production. 

Third,  trout  apparently  moved  into  the 
northern  area.  This  movement  was  be- 
lieved to  be  for  feeding  or  to  take  ad- 
vantage of  the  high  standing  crop  of 
bottom  food,  since  most,  movement  oc- 
curred after  the  spawning  period.  From 
1949  to  1955,  18,836  trout  were  tagged  in 
five  spawning  streams,  and  the  returned 
tags  that  included  sufficient  information 
on  catch  location  were  used  to  compare  the 
general  movements  of  postspawning  trout 
from  five  spawning  streams   (table  22), 


(Ball  and  Cope  1961).  The  data  on  fish 
movement  can  be  summarized  as  follows: 
Those  fish  .tagged  in  Pelican  Creek  were 
usually  recovered  in  the  northern  area  and 
around  Fishing  Bridge.  Clear  Creek  fish 
also  were  captured  in  the  northern  area, 
particularly  in  Bridge  Bay.  Fish  tagged 
in  Chipmunk  and  Grouse  Creeks,  at  the 
lower  end  of  South  Arm,  were  most  com- 
monly captured  in  the  southern  area  or 
in  West  Thumb,  although  25  percent  were 
captured  in  the  northern  area.  There  was 
a  movement  of  postspawners  from  Chip- 
munk and  Grouse  into  West  Thumb  and, 
to  a  lesser  extent,  into  the  northern  area 
in  August,  and  many  were  captured  in 
these  locations  during  the  year  following 
tagging.  From  the  movements  of  post- 
spawners, the  only  evidence  of  a  long- 
distance movement  from  the  spawning 
stream  to  the  area  of  capture  was  the  large 
number  of  fish  tagged  in  South  Arm  that 
moved  into  West  Thumb  and  into  the 
northern  area.  A  lesser  movement  was 
apparent  from  those  fish  tagged  in  Arnica 
Creek  and  recovered  on  the  west  shore  of 
the  northern  area  of  the  lake.  In  general 
the  postspawners  recovered  the  second 
year  after  tagging  dispersed  more  than 
those  caught  the  first  year. 


Table  22. — Movements  of  cutthroat  trout  after 
spawning,  as  determined  from  fish  tagged  in 
five  spawning  streams  and  recaptured  by  an- 
gling, 19Jt9^55 


Num- 
ber of 
fish 
tagged 

Num- 
ber of 

tag 
returns 

Percent  of  all  returns 
captured  in— 

Spawning  stream 

North- 
em 
area1 

South- 
ern 
area 

West 

Thumb 

area 

Arnica  Creek 

Pelican  Creek 

Clear  Creek 

4,948 
6,043 
1,100 

6,745 

271. 

422 
54 

160 

26.2 
88.9 
70.3 

25.0 

4.4 

4.5 

12.9 

41.9 

69.3 

6.6 

16.7 

Chipmunk  and 
Qrousc  Creeks 

33.1 

Total     .     

18, 836 

907 

Includes  18  returns  from  Yellowstone  River. 


Heavy  fishing  pressure  undoubtedly  in- 
fluenced the  number  of  tag  returns  from 
the  northern  area.    The  estimated  annual 
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aires,  in  hours  per  acre,  from 
[050  to  L954  were  northern  10.5,  West 
Thumb  L9,  and  southern  0.6.  The  fishing 
mortality  rates  (percent)  for  postspawn- 
ingtroui  from  five  spawning  streams  were 
as  foUows:  Pelican,  12.2;  Arnica,  9.3; 
Chipmunk,  5.2;  Grouse,  3.7;  and  Clear, 
<U  (Ball  and  Cope  1961).  These  fishing 
mortality  rates  show  that  fish  from  Peli- 
can. Arnica,  and  Clear  Creeks  are  sub- 
jected to  a  greater  fishing  pressure  than 
fish  from  Chipmunk  and  Grouse,  but  the 
ratios  are  no1  so  different  as  the  fishing 
-ure  per  acre  for  the  three  areas  of  the 
lake ;  thus,  there  must  have  been  a  greater 
movement  of  trout  into  the  northern  area 
or  to  West  Thumb  than  away  from  it. 

From   the  location  of  tag  recoveries, 
there  appeared  to  be  a  tendency  for  post- 


spawning  trout  to  follow  the  shoreline  of 
greater  standing  crops  of  food  organisms 
from  their  spawning  streams  to  their  point 
of  capture,  although  such  was  not  always 
true.  It  was  particularly  true,  however, 
for  fish  from  Chipmunk,  Grouse,  and 
Arnica  Creek.  These  datd,  support  the  hy- 
pothesis that  feeding  may  be  an  important 
factor  in  causing  trout  to  move  out  after 
spawning. 

There  was  a  greater  concentration  of 
planktonic  entomostraca  in  the  north- 
east part  of  the  lake  due  to  surface  cur- 
rents, but  the  food  of  postspawning  trout 
is  principally  bottom  organisms,  and  a 
large  standing  crop  of  bottom  foods 
would  be  more  important  than  plankton 
in  causing  any  fish  to  migrate. 


BIOLOGY  OF  YELLOWSTONE  LAKE 


Yellowstone  Lake  has  many  character- 
istics of  the  large  oligotrophic  lakes  of 
Canada  or  of  the  northern  Great  Lakes, 
but  its  bottom  fauna  and  fish  composi- 
tions are  notably  different.  The  other 
lakes  have  Pontoporeia  or  My  sis  as  the 
dominant  bottom  fish-food  organism,  and 
all  have  large  populations  of  coregonids. 
Undoubtedly,  factors  which  have  pre- 
vented introduction  of  these  organisms 
into  Yellowstone  Lake  include  the  impass- 
able falls  15  miles  below  the  lake  outlet 
and  the  altitude. 

An  interesting  comparison  between  the 
mean  depths  of  the  large  lakes  of  Canada 
and  the  northern  Great  Lakes  and  the  an- 
nua 1  commercial  fish  production  (lbs.  per 
acre)  has  been  prepared  by  Kawson 
(1955) .  lie  constructed  a  curve  and  found 
that  fish  production  decreased  with  in- 
creasing depth  on  a  relatively  smooth 
curve.  A  comparison  of  the  mean  depth 
of  Yellowstone  Lake  (139  ft.)  and  its 
moan  sport-fish  production  from  1950  to 
1959  (2.15  lbs.  per  acre)  shows  that  it  fits 


into  this  curve  closely  between  Lake 
Nipigon  (1.07  lbs.  per  acre,  and  mean 
depth  180  ft.)  and  Lake  Winnipeg  (2.66 
lbs.  per  acre,  and  mean  depth  43  ft.).  It 
is  surprising  that  the  sport-fishery  produc- 
tion of  Yellowstone  Lake  with  only  one 
fish  species  fits  so  well  into  this  curve  when 
the  commercial  fish  production  of  these 
lakes  involves  many  fish  species  and  sev- 
eral fish  predator-and-prey  relations. 

The  limnological  classification  of  Yel- 
lowstone Lake  according  to  Lundbeck 
(1934)  would  be  primary  oligotrophic, 
since  it  is  poor  in  nutrients  and  has  low 
temperatures.  The  volcanic  nature  of  the 
drainage,  with  deficiencies  in  calcium  and 
other  minerals,  probably  has  as  great  an 
influence  in  limiting  production  as  has 
morphometry.  Turbidity  and  too  great 
a  water  exchange  are  not  limiting  factors 
in  Yellowstone  as  mentioned  for  Port 
John  Lake,  British  Columbia  (Robertson, 
1954),  which  has  a  similar  water  chem- 
istry but  a  high  rate  of  water  replacement. 
The  low  number  of  plankters  per  liter  in 
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Yellowstone  Lake  is  partly  offset  by  the 
depth  of  its  trophogenic  zone.  Ohle 
(1956)  stated  that  deep  lakes  may  have  a 
lower  production  density,  but  this  defi- 
ciency is  compensated  for  by  a  greater 
production  depth  than  shallow  lakes.  The 
great  production  depth  of  Yellowstone 
Lake  is  shown  from  the  depth  distribution 
of  aquatic  plants,  bottom  fauna,  and 
plankton.  Secchi  disk  records,  which 
reflect  plankton  density,  showed  high 
readings. 

The  development  and  use  of  Yellowstone 
Lake  is  controlled  by  the  National  Park 
Service.  This  control  has  prevented  arti- 
ficial eutrophication  as  has  occurred  in 
several  large  oligotrophic  lakes  (Edmund- 
son  et  al.,  1956).  The  data  collected  by 
Forbes  (1893)  in  1890  were  not  quantita- 
tive, but  a  comparison  of  his  observations 
with  the  data  in  this  report  indicates  that 
the  dominant  species  composition  of  zoo- 
plankters,  phytoplankters,  and  bottom  or- 
ganisms did  not  change  from  1890  to  1957. 
Few  large  lakes  have  as  few  fish  species 
as  Yellowstone,  but  it  appears  that  the  cut- 
throat are  utilizing  the  available  animal 
food  rather  efficiently.  The  depth  range  of 
the  trout  is  closely  related  to  the  depth  dis- 
tribution of  both  the  predominant  bottom 
foods  and  planktonic  foods.  The  kinds  of 
food  utilized  by  different  sizes  of  trout 
overlap  to  a  great  degree,  although  there 

i  is  a  gradual  transition  from  a  bottom 
fauna-zooplankton  diet  to  a  predomi- 
nantly bottom- fauna  diet  in  the  range  of 
275  to  325  mm.  (table  18) .    This  change  in 

|  feeding  habits  occurs  in  the  same  length 
range  when  trout  first  become  available 
to  the  sport  fishery  in  numbers.  A  length 
frequency  curve  of  the  catch   for  1959 

I  shows  that  the  slope  begins  to  increase 
around  275  mm.,  but  that  the  greatest  in- 
crease takes  place  above  315  mm.  (fig.  8). 
The  reason  the  catch  does  not  include  more 

!  small  trout  (below  12  inches)  is  not  that 
they  are  caught  and  returned  to  the  lake, 


215         240      265        290       315        340       365       390        415         440 

Length    in    millimeters 

Figure  8. — Length  frequency  of  anglers'  catch 
from  Yellowstone  Lake  in  1959  from  sample  of 
1,690  fish.  Points  represent  medians  of  25-mm. 
groups. 


since  many  anglers  will  keep  trout  around 
10  inches.  These  trout  are  difficult  to 
catch  *  and  are  dispersed  more  in  the  lake 
owing  to  their  feeding  habits.  Small  trout 
feed  both  in  the  limnetic  and  littoral  zone, 
while  large  trout  feed  in  the  littoral  zone. 
The  greater  dispersal  of  small  trout  makes 
them  less  vulnerable  to  angling.  Another 
probable  effect  of  this  great  dispersal  is 
the  low  rate  of  predation  on  small  trout 
by  large  trout  as  shown  by  food  studies. 
This  fact  also  accounts  for  the  high  sur- 
vival rate  of  36  percent  which  Ball  and 
Cope  (1961)  suggest  exists  from  the  time 
that  immature  fish  leave  the  parent  stream 
until  they  return  as  spawners. 

The  only  competitive  species  appears  to 
be  the  longnose  sucker,  since  recent  studies 
(unpublished)  have  shown  that  suckers 
feed  primarily  on  the  same  bottom  organ- 
isms as  the  cutthroat  trout.    Past  data  on 


1  Madsen  in  an  unpublished  report  (Age  and  growth 
of  the  cutthroat  trout  (Salmo  lewisi)  in  Yellowstone 
Lake,  Wyoming,  dated  May  15,  1940)  attempted  to 
determine  why  anglers  rarely  caught  small  trout  and 
found  that  small  trout  would  rarely  take  any  lure, 
even  when  schools  were  located. 
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the  sucker  population  in  Yellowstone  Lake 
are  lacking,  although  records  from  the 
Yellowstone  Fish  Cultural  Station  in- 
dicate that  the  sucker  was  introduced  in 
L923  or  1924.  Numbers  of  suckers  re- 
corded in  the  spawning  runs  in  Pelican 


Creek  showed  a  general  increase  up  to 
1950  and  a  leveling  off  since  that  year. 
The  competition  with  the  cutthroat  trout 
appears  to  be  increasing,  although  there 
has  been  no  clear  evidence  of  detrimental 
influence  on  the  trout  population. 


SUMMARY 


Limnological  studies  on  Yellowstone 
Lake,  Yellowstone  National  Park,  were 
conducted  from  1954  to  1959.  Geological 
evidence  indicates  that  the  original  basin 
was  formed  from  a  subsidence  or  readjust- 
ment of  the  laval  flows  in  the  Eocene. 
Hot  springs  still  exist  in  the  drainage 
basin  and  in  the  lake.  Annual  water-level 
fluctuation  is  less  than  1.8  meters.  The 
lake  lies  at  an  altitude  of  2,358  meters 
and  has  the  following  dimensions :  Surface 
area,  35,391  hectares;  mean  depth,  42 
meters;  basin  capacity,  14  x  109  cubic 
meters;  maximum  depth,  95  meters;  and 
shoreline  development,  3.04.  A  contour 
map  is  included. 

Water-current  studies  showed  a  large 
surface-water  movement  from  the  south 
and  southwest  to  the  north  and  northeast 
parts  of  the  lake.  Compensatory  subsur- 
face currents  were  found  by  bottom-cur- 
rent, studies.  Water-temperature  data 
showed  various  stages  of  stratification 
from  late  May  and  early  June  when  the 
ice  left  until  late  July  when  complete 
stratification  was  evident.  Differences  in 
water  stratification  between  West  Thumb 
and  the  northeast  part  of  the  lake  were  re- 
lated to  surface-water  movement.  High 
water  levels  in  certain  years  were  associ- 
ated with  deep  epilimnion  layers. 

Water  composition  showed  HC03  to  be 
the  major  anion  and  Na  to  be  the  major 
cation.  Conductivities  were  highest  in 
West  Thumb  and  lowest  in  Southeast 
Arm.      Upwelling   is   believed    to    have 


caused  the  high  readings  in  West  Thumb. 
Protected  stations  had  lower  conductivi- 
ties than  exposed  stations,  and  the  causa- 
tive factor  was  believed  to  be  the  thinner 
epilimnion  strata  in  the  protected  stations 
which  caused  a  more  rapid  utilization  of 
nutrients  by  plankton.  Oxygen  concen- 
trations were  usually  above  or  near  satu- 
ration, although  deficits  developed  in  the 
hypolimnion  during  1957  and  1959.  Free 
carbon  dioxide  was  present  in  all  samples 
and  concentrations  above  10  p.p.m.  were 
found  below  the  metalimnion. 

Bottom  types  included  boulders,  rubble, 
black  obsidian  sand,  and  fine  clays  with 
organic  matter.  Amount  of  organic  mat- 
ter in  the  soft  sediments  increased  with 
depth,  but  lake  areas  with  strong  currents 
had  low  amounts  of  organic  matter. 
Greatest  concentrations  of  soil  nutrients 
were  in  deep  water.  A  list  of  aquatic 
plants  and  their  depth  ranges  is  presented. 
The  depth  limit  of  all  higher  aquatic 
plants  was  18  meters. 

The  diatoms  Asterionella,  Melosira,  and 
Stephanodisus  were  abundant.  A  dense 
pulse  of  A  nab  aena  was  observed  in 
August.  Principal  zooplankters  were 
Conochilus  unicornis,  Diaptomus  sho- 
shone,  and  Daphnia  shoedleri;  largest 
concentrations  ranged  from  5  to  18  meters. 
Several  large  swarms  of  Daphnia  shoed- 
elri,  an  inshore  swarming  species,  were 
observed  in  1959.  Benthos  consisted  prin- 
cipally of  Garwmarus  lacustris,  Hyallela 
azteca,  oligochaetes,  and  tendipedids.    Ex- 
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cept  for  tendipedids,  which  were  present 
at  all  depths,  bottom  organisms  were  rare 
below  23  meters. 

Cutthroat  trout  were  concentrated  in  the 
upper  15  meters  of  water  and  were  rare 
below  25  meters.  Most  abundant  food  or- 
ganisms in  trout  stomachs  in  the  summer 
season  were  Gamrrbams  lacustris,  Daph- 
nia  shoedleri,  and  tendipedids.  Gam- 
marus  were  important  in  June  and  July, 
and  Daphnia  in  August  and  September. 
Small  trout  utilized  both  bottom  organ- 
isms and  zooplankton,  while  large  trout 
fed  almost  entirely  on  bottom  organisms. 


Angling  pressure  and  catch  were  con- 
centrated in  the  northern  area  and  three 
effects  of  this  unequal  harvesting  were  (1) 
fewer  trout  in  relation  to  food  abundance, 
(2)  large  numbers  of  bottom  organisms 
owing  to  lack  of  predation,  and  (3)  move- 
ments of  trout  into  the  area. 

Yellowstone  Lake  is  oligotrophic  and 
has  a  deep  productive  depth.  The  domi- 
nant species  composition  of  plankton  and 
bottom  organisms  has  not  changed  from 
1890  to  the  present.  Low  availability  of 
small  trout  to  anglers  is  caused  by  feeding 
habits  and  great  dispersal;  this  serves  to 
prevent  overexploitation  of  small  trout. 
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DRIFT      BOTTLE      RELEASES 
AND     RECOVERIES 


Seeding 

Release 

date 

Number 

Number 

line 

1957 

released 

recovered 

A 

July 

15 

25 

12 

C4.4 

C 

July 

15 

10 

10 

C3.5 

E 

Aug. 

16 

29 

13 

F 

July 

9 

13 

7 

G 

Aug. 

16 

22 

16 

H 

Aug. 

23 

51 

7 

1 

July 

10 

II 

9 

J 

July 

10 

16 

4 

K 

July 

9 

8 

6 

L 

July 

24 

18 

3 

E6,4< 

Total 

205 

87 

12,15 

G5,I0(2) 

G6.324 

12 
GI0.I2 

H  5,301 
H  1,327 
11,29 
6,3 


J  10,4 


2         3        4 
KILOMETERS 


where  bottle  released 
7-  number  of   days 

before    recovery 
(2)-two   bottles    recovered 


Appendix  A. — Points  of  release  and  recovery  of  drift  bottles  in  Yellowstone  Lake,  Wyoming. 
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DRIFT      BOTTLE     RELEASES 
AND      RECOVERIES 


Seeding 

Release  date 

Number 

Number 

line 

released 

recovered 

PI.4 
MI4.4 

B 
D 

Aug  6  1957 
Aug  6  1958 

i  35 
15 

13 
4 

DI0.5 
B  11,2 

M 

Aug  9  1957 

37 

17 

N 

Aug  6  1958 

20 

5 

0 

Aug  6  1958 

8 

0 

P 

Aug   6  1957 

20 

13 

65,8 

MI7.4 

BI3.7 

83,7 

MI5.5 

P5,6(2) 

B8.ll 

M6.S 

B7,8                / 

M5,5<2) 

M2                  / 

P3.I4 

BIOjS             / 

B9,8(2) 

MI8.4 
P5,5 
M8,4(2) 
M9,4(2) 
MI0,4(2) 
1,4(2) 
M6.4 
P6J 


B6,3  (2) -recovery 
B-  seeding  line 
6-  point  on  seeding  line 

where   bottle  released 
3-  number  of  day 6  before 

recovery 
(2)-two  bottles  recovered 


Appendix  B. — Points  of  release  and  recovery  of  drift  bottles  in  Yellowstone  Lake,  Wyoming. 
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ABSTRACT 

Concentrations  of  16  organic  and  inorganic  components  of  the  blood  and  serum  of 
the  smallmouth  bass  (Micropterus  dolomieui)  were  measured  every  3  to  4  weeks  from 
June  24  to  November  18,  1958.  Components  measured  included  proteins,  nonprotein 
nitrogen  fractions,  phosphorus  fractions,  electrolytes,  and  cholesterol  in  serum;  and 
glucose,  creatinine,  and  iron  in  blood. 

Concentrations  of  13  of  the  16  components  displayed  systematic  rather  than  random 
variation  and  appeared  to  be  cyclic  when  plotted  against  time.  Levels  of  several  of 
the  components  decreased  in  successive  samples  during  the  early  part  of  the  experi- 
mental period  only  to  reverse  this  trend  and  increase  throughout  the  remainder  of  the 
period.    Other  components  displayed  inverse  behavior  to  this  scheme. 

Three  periods  of  different  catabolic-anabolic  balance  have  been  proposed  as  being 
responsible  for  the  cyclic  nature  of  the  concentration  curves.  Available  evidence  sug- 
gests that  endocrine  relations  are  responsible  for  changes  noted  in  blood  composition. 
A  scheme  of  hormone-hormone  antagonism  is  proposed,  which  would  account  for  the 
observed  results. 

IV 


CHEMICAL  COMPOSITION  OF  BLOOD 
OF  SMALLMOUTH  BASS 

By  Eddie  Wayne  Shell,  Fishery  Research  Biologist 

Cornell  University,  Ithaca,  N.Y. 


No  problem  is  more  fundamental  to  un- 
derstanding total  metabolism  than  is  the 
relation  of  composition  to  function  in  the 
blood  of  animals.  No  single  component 
or  part  of  an  animal  is  more  closely  asso- 
ciated with  total  metabolism  than  is  blood. 
Every  organ,  every  tissue,  every  cell  com- 
municates with  every  other  organ,  tissue, 
and  cell  by  this  fluid  "party  line."  The 
composition  of  the  blood  at  any  one  time 
reflects  the  state  of  function  of  every 
organ,  tissue,  and  cell  at  that  time.  If  the 
composition  of  blood  and  the  relation  of 
composition  to  function  are  known,  then  it 
would  be  possible  to  determine  the  state  of 
function  at  any  time  by  measuring  com- 
position. Such  information  could  also  be 
used  to  predict  trends  in  function. 

Clinical  diagnosis  used  so  effectively  by 
modern  medicine  is  dependent  on  infor- 
mation on  the  composition  of  blood  and 
the  relation  of  its  composition  to  function. 
Many  specific  diseases,  whether  caused  by 
bacteria  or  metabolic  dysfunction,  are 
characterized  by  specific  changes  in  the 
composition  of  the  blood  of  the  animal. 
Clinical  diagnosis  depends  on  the  compari- 
son of  the  blood  composition  of  the  animal 
with  a  suspected  disease  with  the  blood 
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composition  of  healthy  animals  of  the 
same  species.  Obviously,  information  as 
to  the  levels  of  the  various  components  in 
the  blood  of  healthy  animals  and  of  ani- 
mals known  to  have  a  specific  disease  must 
be  available. 

Information  on  the  blood  composition 
of  healthy  fish  or  fish  with  specific  diseases 
is  very  scarce.  With  such  information 
kidney  disease,  pancreatic  necrosis,  or 
other  diseases  in  populations  of  hatchery 
fish  might  be  diagnosed  before  the  epi- 
demic stage  is  reached.  Vitamin  deficien- 
cies or  other  nutritional  diseases  could 
be  detected  much  earlier  than  is  possible 
when  decreasing  growth  rates  or  increas- 
ing mortality  rates  are  used  as  a  basis  for 
diagnosis.  This  project  was  initiated  to 
provide  information  on  the  composition  of 
the  blood  of  normal  or  apparently  healthy 
fish. 

Specifically,  this  project  was  initiated 
to  determine  the  levels  of  16  noneellular 
components  in  the  blood  of  the  smallmouth 
bass  {Micropterus  dolomieui  Lacepede). 
These  components  were  to  be  measured 
periodically  over  approximately  a  6-month 
period  to  determine  average  values,  or  if 
the  levels  changed  significantly  in  this 
period,  determine  the  extent  of  change  and 
attempt  to  relate  change  in  composition  to 
function  in  the  cyclic  life  patterns  of  this 
fish. 

This  investigation  was  conducted  dur- 
ing the  period  June  through  November 
1058,  by  the  author  while  a  student  at 


Cornell  University.  The  laboratory  work 
was  conducted  al  the  Cornell  University 
rimental  fish  hatchery.  Smallmouth 
bass  used  in  the  investigation  were  ob- 
tained  from  a  creek  adjacent  to  the 
campus. 

Dr.  Arthur  M.  Phillips,  Jr.,  Associate 


Professor  of  Fishery  Biology,  Cornell 
University,  proposed  this  study  and  made 
many  helpful  suggestions  throughout  its 
course.  Dr.  Harry  W.  Seeley,  Jr.,  Pro- 
fessor of  Bacteriology,  and  Dr.  Walter  L. 
Nelson,  Professor  of  Biochemistry,  re- 
viewed the  manuscript. 


COLLECTION  AND  TREATMENT  OF  SAMPLES 


EXPERIMENTAL  ANIMALS 

Difficulties  in  maintaining  experimental 
animals  under  laboratory  conditions  made 
the  use  of  a  natural  population  almost 
mandatory.  The  bass  used  in  these  experi- 
ments were  taken  from  Fall  Creek,  a  small 
creek  which  receives  overflow  waters  from 
Lake  Como,  a  few  miles  southeast  of 
Dresserville,  Cayuga  County,  New  York. 
From  Lake  Como  the  creek  flows  south- 
east ward  until  it  enters  Tompkins  County, 
thence  to  Ithaca,  N.Y.,  where  it  empties 
into  Cayuga  Lake.  Fish  used  in  these  ex- 
periments were  taken  from  a  section  lim- 
ited on  the  north  by  Malloryville,  N.Y., 
and  on  the  south  by  a  dam  at  the  north 
end  of  Beebe  Lake  on  the  campus  of  Cor- 
nell University.  This  section  is  generally 
coincident  with  the  area  of  acceptable  bass 
habitat  in  Fall  Creek. 

The  fish  are  more  or  less  evenly  dis- 
tributed from  May  until  September 
throughout  the  section  described.  During 
the  latter  part  of  September  or  early  Oc- 
tober, when  the  water  temperature  begins 
falling,  the  fish  tend  to  move  into  a  few 
restricted  areas  of  this  section  where  they 
spend  the  winter  months  in  a  quiescent 
state.  These  areas  are  characterized  by 
bottoms  strewn  with  large  flat  rocks.  This 
migrat  ion  or  movement  to  wintering  quar- 
ters begins  when  water  temperatures  are 
around  50°  to  55°  F.,  in  late  September  or 
early  ( )ctober,  and  is  completed  by  the  end 
of  October  when  temperatures  range  from 
45°  to  50°  F.    The  quiescent  state  begins 


when  the  water  temperatures  fall  below 
approximately  45°.  Throughout  the  win- 
ter and  until  the  temperature  begins  to 
rise  in  the  spring,  the  fish  remain  under- 
neath the  rocks.  Apparently  they  will 
take  food  during  this  period  but  do  not 
actively  seek  it. 

The  population  of  fish  used  in  these  ex- 
periments is  characterized  by  the  small 
average  size  of  the  individuals.  Fish  8 
to  10  inches  in  length  comprise  the  bulk 
of  the  population.  Only  1  fish  as  large  as 
14  inches  was  taken  during  the  experi- 
mental period. 

Distribution  of  the  fish  in  the  stream 
during  most  of  the  experimental  period 
made  the  use  of  seines,  traps,  and  electro- 
fishing  gear  impractical.  All  fish  used  in 
these  experiments,  until  the  beginning  of 
the  quiescent  state,  were  taken  by  angling 
with  spinning  tackle.  Once  a  fish  became 
hooked  he  was  forced  to  hand  as  quickly 
as  possible  to  avoid  tearing  out  the  hooks. 
A  500-volt,  variable  voltage,  direct-cur- 
rent generator  with  the  voltage  regulator 
set  for  450  volts  was  used  to  take  quies- 
cent fish  under  the  rocks.  The  shocking  or 
electrofishing  apparatus  wTas  constructed 
so  that  the  positive  electrode  was  built 
into  a  dip  net  and  the  negative  electrode 
was  attached  to  a  sled-shaped  float. 

COLLECTING  BLOOD  SAMPLES 
Apparatus 

The  small  kit  shown  in  figure  1  has 
proved  satisfactory  in  collecting  blood  in 


Figure  1. — Kit  for  collecting  blood  in  the  field. 

the  field.  It  consists  of  a  wooden  frame,  a 
solid  floor,  a  pressed- wood  panel  back,  and 
a  cover  of  canvas  panels.  The  front  is 
closed  by  a  canvas  panel  that  can  be 
buckled  to  a  hinged  plywood  panel  cover- 
ing the  lower  half  of  the  kit.  This  ply- 
wood panel  protects  needles  and  syringe 
parts  held  in  a  draining  and  drying  rack 
secured  to  the  floor  of  the  kit.  Also  at- 
tached to  the  floor  are  two  slotted  strips 
which  receive  the  rolled  edge  of  the  bottom 
of  a  wide-mouthed  vacuum  bottle,  T1/! 
inches  high  and  4  inches  in  diameter.  A 
small  wooden  rack  to  hold  a  centrifuge 
tube  while  it  is  being  filled  with  blood  is 
attached  to  the  back  of  the  kit.  Also  at- 
tached to  the  back  is  a  small  receptacle  for 
holding  the  wash  and  rinse  bottles  of  dis- 
tilled water.  An  assembled  syringe  is  kept 
in  readiness  in  a  hole  in  the  top  of  the  kit. 
A  plastic  bottle  for  reserve  distilled  water 
is  held  by  a  rubber  band  in  the  corner  of 


the  kit.  In  the  field,  the  kit  is  carried  with 
the  aid  of  a  canvas  strap  around  one's  neck. 
A  large  flat  piece  of  foam  rubber  sewn  to 
the  strap  eased  support  of  the  weight. 

The  vacuum  bottle  holds  empty  cen- 
trifuge tubes  as  well  as  tubes  of  blood  in  a 
cylindrical  wire  rack.  The  wire  rack,  with 
a  piece  of  sponge  serving  as  the  bottom  of 
the  cylinder,  holds  the  tubes  away  from  the 
glass  lining  and  also  prevents  .excessive 
stirring  of  the  ice  and  water  in  the  vacuum 
bottle. 

Syringes  of  2-milliliter  capacity  with  a 
"needle-lock"  were  used  throughout  this 
experiment.  The  syringes  were  large 
enough  to  hold  the  blood  from  the  larger 
fish,  and  yet  were  small  enough  to  be  easily 
manipulated  with  one  hand.  Hypodermic 
needles  %  inch  in  length  and  of  No.  20 
gage  were  found  to  be  most  suitable  for 
collecting  blood  from  the  smallmouth  bass. 
A  needle  of  this  length  was  needed  to 
reach  the  heart  in  larger  fish  and  was  not 
unwieldy  when  used  on  smaller  fish.  The 
20-gage  needle  was  more  practical  in  the 
prevention  of  hemolysis  and  clotting  and 
was  also  much  easier  to  keep  clean. 

Like  other  fish  blood,  smallmouth  bass 
blood  is  highly  coagulable.  Small  clots 
usually  formed  within  about  one-half 
minute  after  blood  had  been  drawn.  Clot- 
ting is  of  little  consequence  when  the  blood 
is  to  be  used  for  serum;  however,  it  was 
difficult  to  draw  blood  and  transfer  it  into 
tubes  treated  with  anticoagulant  before 
clotting  ruined  the  sample  for  whole  blood 
determinations.  This  was  overcome  by 
preparing  a  25-percent  solution  of  potas- 
sium oxalate,  drawing  some  of  this  solu- 
tion into  the  syringe  and  forcing  it  out 
again.  After  forcing  out  the  oxalate,  air 
was  drawn  in  and  forcibly  expelled  several 
times.  After  this  treatment  the  walls  of 
the  syringe  remained  moist  with  the  anti- 
coagulant, and  blood  drawn  into  the 
syringe  mixed  with  the  anticoagulant  as  it 
entered. 


Procedure 

Blood  was  collected  by  cardiac  puncture. 
The  needle  was  inserted  at  a  90°  angle  to 
the  axis  of  the  fish,  approximately  one- 
half  inch  behind  the  apex  of  the  V  formed 
by  the  isthmus  and  opercles  (fig.  1).  The 
needle  point  was  pushed  into  and  through 
the  chest  cavity  until  slight  resistance  was 
encountered.  At  this  time  suction  was  ap- 
plied by  the  syringe  and  the  needle  slowly 
withdrawn.  As  the  opening  of  the  needle 
being  withdrawn  passed  through  a  heart 
chamber,  blood  was  drawn  into  the 
syringe.  Best  results  were  obtained  by  a 
slow,  gentle  insertion.  Apparently,  a 
needle  of  the  size  used  can  cause  surgical 
shock  severe  enough  to  interrupt  the  beat 
of  the  heart  if  carelessly  inserted. 

The  blood  of  a  fish  was  collected  so  long 
as  it  could  be  easily  drawn.  It  was  usually 
possible  to  collect  at  least  0.5  ml.  of  blood, 
and  up  to  2.5  ml.  from  the  larger  fish ;  how- 
ever, very  few  fish  were  large  enough  to 
supply  2.5  ml.  of  blood.  The  fish  sampled 
averaged  approximately  7  inches  and  the 
amount  of  blood  collected  averaged  0.75 
ml.  per  fish.  The  blood  was  gently  ex- 
pelled from  the  syringe  into  a  12-ml.  coni- 
cal centrifuge  tube.  Because  of  the  size 
of  the  needle  used,  blood  could  be  forced 
through  it  into  the  tube  without  causing 
hemolysis. 

During  the  sampling,  blood  was  trans- 
ferred from  the  syringes  into  the  tubes 
until  4  to  5  ml.  of  blood  had  been  col- 
lected, at  which  time  the  tube  was  trans- 
ferred to  a  wire  rack  in  a  wide-mouthed 
vacuum  bottle  containing  crushed  ice. 
After  about  3  hours  of  collecting,  tubes  of 
blood  were  placed  in  a  refrigerator  and 
held  there  until  the  serum  was  separated. 

Both  syringe  and  needle  were  washed 
after  use  by  drawing  distilled  water  into 
them  and  forcibly  expelling  it.  This  pro- 
cedure was  repeated  until  they  had  been 
washed  three  times  from  each  of  two  dis- 


tilled water  containers.  After  the  syringe 
was  washed,  it  was  separated  into  its  com- 
ponent parts  and  placed  in  a  draining 
rack. 

For  the  entire  series  of  16  determina- 
tions, approximately  23  ml.  of  whole  blood 
were  needed.  Of  this,  about  20  ml.  of 
blood  were  used  for  serum  and  3  ml.  for 
whole-blood  determinations.  Enough 
blood  could  usually  be  obtained  from  30 
fish  to  satisfy  these  requirements.  From 
4=  to  10  hours  of  fishing  were  required  to 
collect  enough  fish  to  supply  23  ml.  of 
whole  blood. 

Throughout  the  experimental  period 
fish  were  fin  clipped  at  the  time  blood  was 
taken.  These  fish  could  be  recognized  if 
taken  in  later  catches.  Of  the  total  of 
approximately  350  fish  represented  in  these 
experiments,  blood  was  drawn  more  than 
once  from  only  3  fish.  Fish  taken  by  elec- 
tric shock  and  held  in  concrete  pools  were 
moved  to  other  pools  after  blood  was 
drawn  from  them. 

Sampling  schedule 

Blood  samples  were  taken  according  to 
the  following  schedule : 

Sample  I June  24,  1958 

Sample  II July  5,  1958 

Sample  III July  24,  1958 

Sample  IV August  2,  1958 

Sample  V August  18,  1958 

Sample  VI August  27,  1958 

Sample  VII September  29,  1958 

Sample  VIII October  7,  1958 

Sample  IX October  31,  1958 

Sample  X November  18,  1958 

A  total  of  22  fish  (sample  X)  was  col- 
lected by  electric  shock  on  November  11, 
1958,  and  removed  to  a  small  concrete  pool 
at  the  Cornell  University  fish  hatchery. 
Pieces  of  tile  pipe  were  added  to  the  pool 
to  provide  cover  for  the  fish  in  their  quies- 
cent state.  Since  the  water  temperature  in 
the  pool  was  very  similar  to  the  temper- 
ature of  the  normal  habitat,  no  significant 
error  in  blood  chemistry  was  introduced 


as  a  result  of  moving  the  fish  from  creek 
to  pool,  and  values  obtained  from  samples 
taken  from  those  fish  were  reliable  esti- 
mates of  changes  normally  taking  place  in 
the  blood  of  fish  in  a  quiescent  state  in  the 
stream.  A  blood  sample  was  taken  from 
these  fish  on  November  18. 

Additional  information  on  sampling 
dates,  numbers  of  fish  in  the  samples,  and 
water  temperatures  during  the  sampling 
periods  is  included  in  table  1. 

TREATMENT  OF  BLOOD 

Blood  collected  for  serum  determina- 
tions was  stored  in  heavy-walled,  12-ml. 
conical  centrifuge  tubes  until  clots  ex- 
pressed most  of  the  serum.  The  blood  of 
the  smallmouth  bass  coagulates  very  read- 
ily but  clots  are  very  loose.  Centrifuga- 
tion  soon  after  clotting  resulted  in  very 
poor  yields  of  serum.  Also,  if  centrifuga- 
tion  was  carried  out  soon  after  clotting, 
the  serum  was  very  difficult  to  pick  up, 
even  with  a  micropipette,  without  stirring 
up  cells  and  transferring  them  with  the 
serum.  To  overcome  this  problem,  coagu- 
lation was  allowed  to  continue  for  12  to  14 
hours  after  the  blood  was  collected.  After 
this  period  of  time,  shrinking  of  the  clots 
had  expressed  most  of  the  serum  so  that 
cent  rif  ligation  at  approximately  2,500 
revolutions  per  minute  produced  a  maxi- 
mum yield  of  serum  that  could  be  trans- 
ferred without  disturbing  the  red  cells. 

A  micropipette  with  a  continuous  si- 
phon suction  apparatus  was  used  to  re- 
move the  clear  serum  into  a  clean,  dry 
centrifuge  tube.  The  serum  was  held  in 
a  refrigerator  until  determinations  were 
begun.  All  serum  from  a  given  blood 
sample  period  was  pooled.  Since  only  a 
small  amount  of  blood  could  be  taken  from 
individual  fish,  there  was  little  opportu- 
nity to  get  enough  material  to  make  de- 


terminations on  blood  or  serum  of  indi- 
vidual fish.  By  pooling  serum  from  all 
fish,  rather  than  having  a  determination 
of  one  component  from  one  or  two  fish  and 
another  component  from  still  another  fish, 
it  is  possible  to  get  a  measurement  of  each 
of  the  16  components  from  each  fish.  This 
in  effect  gives  us  a  measurement  of  a  com- 
ponent in  approximately  30  fish.  There 
was  no  evidence  of  hemolysis  in  any  of 
the  samples.  The  serum  was  clear,  but 
with  a  moderate  golden-yellowish  cast. 
Blood  collected  for  whole-blood  determi- 
nations, treated  with  an  anticoagulant, 
was  held  in  12-ml.  conical  centrifuge  tubes 
under  refrigeration  until  time  of  analysis. 

CHEMICAL  DETERMINATIONS 

Whole  blood  from  the  fish  sampled  in 
this  experiment  was  somewhat  difficult  to 
handle,  even  with  the  use  of  an  anticoagu- 
lant. Fibrin  clots  formed  readily  unless 
care  was  taken  in  introducing  the  pipettes 
or  in  remixing  the  plasma  and  red  cells 
after  the  blood  had  been  setting  in  the 
refrigerator  for  a  few  hours.  This  tend- 
ency to  form  fibrin  clots  very  readily 
made  the  use  of  whole  blood  or  plasma 
somewhat  difficult.  For  this  reason  13  of 
the  16  determinations  were  made  on  serum. 
Only  glucose,  iron,  and  creatinine  were 
determined  in  whole  blood. 

The  scheme  of  determinations  was  de- 
signed to  measure  the  more  labile  com- 
ponents as  soon  as  possible.  Protein-free 
filtrates  were  prepared  when  practical  and 
stored  in  screwcap  tubes  until  analyzed. 
In  general,  all  16  components  could  be 
determined  in  a  96-hour  period  after  the 
blood  was  collected. 

All  determinations  were  made  with  the 
use  of  a  Linnet ron  photo-electric  colorim- 
eter, employing  methods  recommended  in 
the  manual  of  the  manufacturer. 
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BLOOD  COMPONENT  LEVELS 


When  this  study  was  undertaken  the 
main  objective  was  to  determine  normal 
values  for  some  16  components  in  the  blood 
and  serum  of  the  smallmouth  bass.  This 
information  was  to  be  used  in  a  compara- 
tive study,  or  a  study  comparing  the  blood 
composition  of  several  species  of  fish.  It 
was  anticipated  that  a  comparative  study 
of  blood  composition  might  provide  evi- 
dence of  the  relationship  between  composi- 
tion and  function  in  fish,  or  that  habitat 
requirements  (whether  salt  water,  fresh 
water,  and  so  on),  food  habits  (whether 
piscivorous,  insectivorous,  and  so  on),  ac- 
tivity, and  other  characteristics  of  a  spe- 
cies, might  be  reflected  in  blood  composi- 
tion. 

Information  concerning  the  blood  com- 
position of  the  normal  fish  should  also  be 
valuable  to  the  fish  pathologist.  With  a 
series  of  normal  values  at  hand,  it  should 
be  possible  to  describe  abnormal,  blood- 


composition  patterns  characteristic  of  spe- 
cific pathological  conditions.  Character- 
izations using  blood  composition  should  be 
useful  in  diagnosing  or  even  predicting 
disease  outbreaks  in  fish.  Information  of 
this  type  is  singularly  unavailable  to  the 
fishery  worker  at  the  present  time. 

It  was  anticipated  in  carrying  out  deter- 
minations periodically  that  a  range  of 
values  could  be  obtained  that  were  nor- 
mally distributed  about  a  mean  or  average 
value ;  however,  it  was  apparent  after  the 
first  fewT  series  of  determinations  that  the 
anticipated  objective  would  not  be  real- 
ized. All  of  the  components  determined 
were  displaying  systematic  rather  than 
random  variation.  Serum  total  protein 
and  serum  globulin  levels  dropped  stead- 
ily throughout  the  first  8  weeks  of  the 
experimental  period  (table  1).  During 
this  same  interval,  serum  sodium  and  po- 
tassium increased  steadily.    All  other  com- 


Table  i. 


-Concentrations  of  16  noncellular  components  in  the  blood  and  serum  of  the  smallmouth 
bass,  measured  periodically  from  June  24  to  November  18,  1958 


Item 

Samples 

i  taken  bj 

angling 

Sample 
taken  by 
electro- 
shock 

I 

II 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X2 

Date  blood  sample  taken. 
Number  fish  in  sample. .. 
Water  temperature  (F.)_- 
Blood: 

Creatinine  (me%) 

June  24 

28 
67° 

0.5 
58 
14 

2.6 
1.2 
1.4 

.86 

30.0 
4.9 

July     5 
26 

74° 

0.8 
58 
17 

2.3 
1.2 
1.1 

1.09 

36.1 
3.8 
145 

12.8 
102 

89.3 

51.1 

15.0 
6.4 
120 

July   24 
41 
70° 

1.0 
63 
12 

2.2 
1.3 
0.9 

1.44 

38.4 
6.0 
145 

13.8 
111 

70.9 

45.9 

12.5 
9.0 
128 

Aug.     2 
31 

68° 

0.7 
90 
19 

1.9 
1.1 

0.8 

1.38 

30.5 
3.8 
145 

11.4 
116 

61.7 

35.2 

12.8 

12.8 

136 

Aug.  18 
30 

68° 

0.5 
68 
18 

1.8 
1.1 
0.7 

1.57 

28.2 

6.4 

65 

12.3 
116 

71.4 

46.6 

17.3 

17.2 

148 

Aug.  27 
28 
60° 

0.5 

85 
20 

2.3 
1.2 
1.0 

1.20 

28.6 
5.4 
176 

10.2 
128 

74.6 

46.9 

12.2 
15.0 
140 

Sept.  29 
32 
56° 

0.5 
94 
15 

2.4 
0.9 

1.5 

.61 

28.6 
4.9 
346 

10.5 
132 

76.5 

53.0 

9.1 

10.8 

140 

Oct.      7 
31 
51° 

0.6 

100 

17 

2.7 
1.4 
2.3 

.59 

28.2 
3.8 
304 

12.0 
116 

67.5 

51.0 

9.4 
8.0 
140 

Oct.   31 

4 
46° 

Nov.    18 
22 
50° 

0.9 

Glucose  (mg%) 

88 

Iron  (mg%) .     __ 

19 

Serum: 

Protein  (gm%) 

Albumin  (gm%)     .. 

3.3 

4.5 
1.8 

Globulin  (gm%) 

2.7 

Albumin-globulin  ra- 
tio    ...  ...        

.67 

Nonprotein  nitrogen 
(mg%) 

55.9 

59  4 

Uric  acid  (mg%) 

Cholesterol  (mg%)___ 

300 

Calcium  (mg%) 

13.2 
127 

19.5 

Chloride  (meq/1) 

Phosphorus: 

Total  (mg%) 

123 

89.6 

49.3 

16.0 
9.9 
128 

110 
75.3 

Phosphorus,  lip- 
id (mg%) 

Phosphorus,    in- 
organic (mg%). 
Potassium  (mg%) 

8.8 

61.5 

9.2 
9.0 

Sodium  (meq/1) 

140 

1  Blood  sample  removed  at  time  of  capture. 

2  Taken  on  November  11  and  held  in  a  concrete  pool  until  the  blood  sample  was  taken  on  November  18. 


ponents  showed  either  increasing  or  de- 
creasing trends,  such  as  these  noted. 

It  became  obvious  by  the  end  of  the  ex- 
perimental period  that  a  normal  blood 
pattern  in  the  smallmouth  bass  could  not 
be  described  without  including  time  of 
sampling  in  the  description.  The  pattern 
that  was  considered  normal  on  July  24 
was  not  the  same  pattern  recorded  on 
August  18  or  September  29.  It  was  also 
obvious  that  values  obtained  in  these  ex- 
periments could  not  be  used  in  compara- 
tive studies.  The  use  of  a  range  to 
describe  extreme  values  of  systematic 
variation  is  statistically  unacceptable,  as 
is  calculation  of  an  arithmetical  mean 
from  these  values.  Once  this  systematic 
or  cyclic  variation  was  noted,  the  most  de- 
sirable objective  then  became  an  attempt 
to  ascertain  the  factor  or  factors  responsi- 
ble for  these  changes,  or  an  investigation 
of  the  metabolism  of  fish  as  it  is  reflected 
by  the  blood  of  the  smallmouth  bass. 

Information  on  the  blood  of  fish  is  mea- 
ger; information  on  fish  metabolism  is 
almost  nonexistent.  Most  of  the  work 
published  to  date  consists  of  measurement 
data.  Data  in  which  concentrations  of 
various  components  have  been  measured 
are  readily  available,  but  data  in  which 
concentrations  of  components  have  been 
related  to  metabolism  are  lacking.  Where 
there  is  such  a  lack  of  data  in  the  literature 
with  which  to  interpret  experimental  re- 
sults, a  worker  must  of  necessity  weave 
his  findings  with  the  threads  of  data  avail- 
able on  fish,  and  then  attempt  to  fill  in  the 
gaps  with  information  on  mammalian 
metabolism. 

Although  all  components  of  the  blood 
of  the  smallmouth  bass  studied  in  these 
experiments  are  closely  related  physio- 
logically, a  unified  presentation  of  results 
and  discussion  would  be  very  difficult. 
For  this  reason  individual  components  or 
groups  of  closely  related  components  will 


be  discussed  first  and  then  in  a  general 
discussion  the  separate  parts  will  be  in- 
tegrated. 

SERUM  PROTEINS 

Information  regarding  the  serum  pro- 
teins of  fish  has  been  slow  in  accumulat- 
ing, and  that  available  is  limited  in  its 
usefulness  by  the  diversity  of  conditions, 
species  of  fish,  and  analytical  methods 
with  which  it  was  obtained.  Most  of  the 
work  on  serum  proteins  has  been  limited 
to  the  comparative  approach,  i.e.,  compar- 
ing the  serum  proteins  of  one  species  with 
those  of  another.  Few  experiments  have 
been  conducted  with  the  aim  of  relating 
serum  proteins  to  their  function  in  the 
life  of  the  fish;  however,  several  papers 
on  the  serum  and  plasma  proteins  of  fish 
should  be  mentioned.  Lepkovsky  (1929) 
studies  the  distribution  of  serum  and  plas- 
ma proteins  in  several  species  of  teleosts 
and  one  elasmobranch.  The  distribution 
of  blood  proteins  in  the  carp  and  brown 
trout  has  been  reported  by  Field  et  al. 
(1943) .  Deutsch  and  Goodloe,  using  elec- 
trophoresis, in  1945  reported  results  of 
studies  on  the  plasma  and  serum  proteins 
of  fish.  Deutsch  and  McShan  (1949)  con- 
ducted electrophoretic  studies  on  the  blood 
of  17  species  of  fish,  and  reported  differ- 
ences of  taxonomic  importance  among 
many  of  the  species.  Phillips  et  al. 
(1957)  reported  results  of  studies  on  the 
serum  proteins  of  brook  and  brown  trout. 
Flemming  (1958)  has  probably  made  the 
most  exhaustive  study  of  the  serum  pro- 
teins of  fish.  Using  the  electrophoretic 
method,  he  studied  the  serum  proteins  of 
the  carp.  He  recorded  the  pattern  of  the 
different  protein  fractions  in  carp  several 
times  during  the  year,  in  starved  carp,  in 
carp  after  a  winter  in  ponds,  and  in  carp 
infected  naturally  and  artificially  with 
carp  dropsy  or  ascites. 
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Figure  2. — Total  protein  concentrations  in  the 
serum  of  smallmouth  bass,  determined  peri- 
odically from  June  24  to  November  18,  1958. 


Serum  total  protein 

Serum  protein  is  a  mixture  of  two  pro- 
teins, albumin  and  globulin.  These  two 
molecules  vary  greatly  in  their  physical, 
chemical,  and  physiological  properties, 
but  together  in  the  blood  they  are  active  in 
regulating  the  osmotic  pressure  and,  there- 
fore, the  water  balance  of  the  organism. 
They  transport  nutrient  materials  needec1 
by  the  anabolic  machinery  at  the  cellular 
level,  and  mediate  the  transfer  of  catabolic 
products  to  the  sites  of  excretion.  They 
transport  hormones  to  chemoreceptive 
centers  and  perform  logistical  activities 
in  the  defense  against  bacterial  invaders. 

In  these  experiments  the  concentration 
of  total  serum  protein  has  been  determined 
in  the  serum  of  the  smallmouth  bass  at  in- 
tervals from  the  end  of  their  spawning 
season  in  June  until  the  beginning  of  their 
quiescent  state  in  November.  The  results 
of  these  determinations  are  given  in  table 
1,  and  are  shown  graphically  in  figure  2, 
where  concentration  in  grams  of  protein 
per  hundred  milliliters  (gm% )  of  serum 
is  plotted  against  time.  As  is  evident  from 
the  table  and  the  graph,  serum  total  pro- 
tein of  the  smallmouth  bass  varies  con- 
siderably with  respect  to  time.  From  the 
June  24  level  of  2.6  gm%  the  concentration 
decreased  gradually  until  it  reached  a  level 
of  1.8  gm%  on  August  18.  The  concentra- 
tion  then   increased  throughout   the   re- 


mainder of  the  experimental  period, 
reaching  a  level  of  4.5  gm%  on  Novem- 
ber 18. 

Two  observations  are  of  interest  in  these 
results : 

( 1 )  The  cyclic  nature  of  the  concentra- 
tion curve  is  intriguing.  If  we  accept 
these  values  as  being  reliable  estimates  of 
changes  taking  place  in  the  blood  of  these 
fish,  then  we  must  suppose  that  the  meta- 
bolic patterns  which  maintain  serum 
protein  concentrations  are  cyclic  in  nature 
also. 

(2)  The  extent  of  variation  in  the 
serum  protein  levels  is  also  interesting. 
In  these  experiments  a  decrease  of  30  per- 
cent in  concentration  over  an  8-week 
period  was  followed  by  an  increase  of  150 
percent  in  a  12-week  period.  In  higher 
vertebrates,  changes  of  this  magnitude  in 
serum  proteins  are  recorded  only  after 
severe  trauma,  malignancy,  or  diseases  of 
the  kidney.  In  the  smallmouth  bass  under 
the  conditions  of  these  experiments,  such 
changes  apparently  are  normal. 

The  possible  role  of  temperature  as 
cause  for  the  cyclic  nature  of  these  data 
should  be  mentioned  at  this  point.  It  is 
possible  that  the  change  noted  in  the  con- 
centration curve  of  serum  globulin  be- 
tween June  24  and  August  18  was  a  result 
of  some  physiological  state  induced  by 
rising  water  temperatures  and  that  the 
gradually  rising  concentration  curve  of 
the  period  August  18  to  September  29  sim- 
ply reflected  a  cooling  trend  in  water  tem- 
perature. Temperature  data  collected 
during  each  sampling  trip  (table  1)  does 
not  support  this  "temperature  induced" 
hypothesis.  Only  in  one  interval,  June  24 
to  July  5,  did  a  rise  in  water  temperature 
coincide  with  a  drop  in  serum  globulin 
levels  to  support  this  hypothesis.  From 
June  24  to  July  5,  the  temperature  in- 
creased from  67°  to  74°  F.  This  7°  rise 
in  temperature  was  accompanied  by  a  de- 
crease in  the  serum  globulin  concentration 
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Figure  3. — Albumin  (solid  circles)  and  globulin 
(open  circles)  concentrations  in  the  serum  of 
smallmouth  bass,  determined  periodically  from 
June  24  to  November  18,  1958.  (Note  that 
scales  on  the  ordinate  axes  are  different.) 


from  1.4  gm%  to  1.1  gm% ;  however,  the 
next  two  decreases  (0.9  gm%  and  0.8 
gm%)  are  accompanied  by  two  decreases 
in  water  temperature  (70°  and  68°  F.). 
It  appears  from  these  data  that  changes 
in  water  temperatures  were  not  responsi- 
ble for  the  cyclic  changes  in  the  serum 
globulin  concentrations. 

Serum  globulin 

Serum  globulin  concentrations  meas- 
ured during  the  20-week  experimental 
period  are  recorded  in  table  1  and  are 
shown  graphically  in  figure  3.  This  com- 
ponent of  the  serum  decreased  from  a  level 
of  1.4  gm%  on  June  24  to  0.7  gm%  on 
August  18.  This  period  of  decline  was 
then  followed  by  an  increase  in  concentra- 
tion to  2.7  gm%  on  November  18.  By 
comparing  these  results  and  the  globulin 
curve  with  that  of  total  serum  protein 
(fig.  2),  it  is  readily  seen  that  the  cyclic 
nature  of  the  total  protein  curve  is  in  real- 
ity a  reflection  of  changes  taking  place  in 
the  serum  globulin  fraction.  In  fact,  al- 
most 90  percent  of  the  decrease  in  total 
serum  protein  was  due  to  the  loss  of  serum 
globulin.  From  these  results  then  it  seems 
that  the  cyclic  metabolic  pattern  proposed 
as  being  the  cause  of  the  changes  in  total 
serum  protein  was  in  actuality  restricted 
to  a  cyclic  pattern  of  serum  globulin  me- 


tabolism. That  globulin  would  contribute 
the  major  part  of  the  variation  in  changes 
of  serum  total  proteins  is  not  surprising. 
Miller  et  al.  (1949)  has  shown  the  half- 
life  of  the  globulin  molecule  to  be  about 
3  days,  less  than  half  that  of  albumin. 
This  indicates  a  very  rapid  turnover  rate 
or  metabolic  rate  in  globulin.  This  also 
indicates  a  more  sensitive  metabolism,  a 
metabolism  that  would  quickly  reflect 
changes  in  the  catabolic-anabolic  rela- 
tionship. At  this  rapid  rate  of  turnover, 
a  slight  increase  in  the  catabolic  rate  with- 
out an  equal  increase  in  the  rate  of  syn- 
thesis should  result  in  a  decrease  in  the 
net  amount  of  globulin.  Also,  a  decrease 
in  energy  supply  for  synthesis  and  the 
resulting  lowering  of  the  anabolic  rate 
without  a  decrease  in  the  catabolic  rate 
would  have  the  same  effect.  An  increase 
in  catabolism  and  a  simultaneous  decrease 
in  anabolism  would  rapidly  reduce  the 
net  amount  of  globulin.  Any  one  of 
these  three  catabolic-anabolic  relation- 
ships could  explain  the  cyclic  nature  of 
the  serum  globulin  concentration  observed 
in  these  experiments. 

Serum  albumin 

Serum  albumin  levels  of  the  smallmouth 
bass  changed  only  slightly  during  the 
period  June  24  to  September  29.  Data 
presented  in  table  1  and  figure  3  show  that 
albumin  decreased  only  0.1  gm%  during 
the  same  period  that  serum  globulin  levels 
fell  0.7  gm%.  These  results  are  not  un- 
expected. If  the  evidence  concerning  the 
comparative  half-lives  of  the  albumin  and 
globulin  molecules  be  applied  here, 
changes  in  the  concentration  of  serum 
albumin  would  be  expected  only  after 
serum  globulin  had  shown  marked 
changes.  However,  the  explanation  does 
not  appear  to  be  quite  as  simple  as  has 
been  presented  thus  far.  As  seen  in  figure 
3,  after  September  29  the  albumin  and 
globulin  curves  show  identical  patterns  of 
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centrations in  the  serum  of  smallmouth  bass, 
determined  periodically  from  June  24  to  No- 
vember 18,  1958.  (Note  that  the  scales  on  the 
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increase.  Both  fractions  increase  abruptly 
from  September  29  to  October  7,  then  the 
curves  flatten  out  together  until  Novem- 
ber 18.  These  curves  suggest  that  some 
mechanism  maintains  serum  albumin 
levels  when  serum  globulin  levels  fall,  but 
that  factors  favoring  a  net  increase  of 
serum  globulin  also  favor  an  increase  in 
albumin.  Elucidation  of  this  mechanism 
is  not  possible  with  these  data. 

Albumin-globulin  ratio 

The  albumin-globulin  ratios  (A/G) 
during  the  experimental  period  showed  an 
inverse  relation  with  serum  globulin  and 
serum  total  protein  (fig.  4).  This  is  not 
unexpected,  since  serum  albumin  remained 
relatively  constant  throughout  most  of  the 
experimental  period  while  serum  globulin 
changed  markedly.  In  these  experiments 
the  A/G  ratio  increased  from  a  value  of 
0.86  on  June  24  to  1.57  on  August  18.  The 
values  then  decreased  until  they  attained 
a  more  or  less  stable  level  after  September 
29  (table  1  and  fig.  4). 

The  A/G  ratio  is  always  greater  than 
1.0  in  mammals.  Values  approaching  1.0 
in  man  are  indicative  of  impairment  of 
kidney  or  liver  function.  Results  of  deter- 
minations of  the  A/G  ratio  in  fish  are  con- 
fusing.   Lepkovsky  (1929)  reported  that 


the  A/G  ratio  of  the  menhaden  ranged 
from  1.28  to  2.08,  the  goosefish  from  0.17 
to  0.54,  the  dogfish  from  0.09  to  0.35,  and 
the  bullhead  from  0.20  to  0.36.  Field  et 
al.  (1943)  recorded  an  A/G  ratio  of  3.57 
for  the  carp  and  2.26  for  the  brown  trout. 
Phillips  et  al.  (1957)  reported  an  A/G 
ratio  of  2.19  in  the  brook  trout  and  0.77 
for  the  brown  trout.  The  significantly 
different  A/G  ratios  recorded  by  Phillips 
et  al.  (1957)  and  by  Field  et  al.  (1943) 
for  the  brown  trout  (2.26  and  0.77)  are 
tentatively  explained  by  Phillips.  He 
noted  the  presence  of  an  abundance  of  di- 
plobacilli  which  are  usually  associated 
with  kidney  disease  in  the  brown  trout. 
Although  typical  lesions  of  the  disease 
were  not  present,  an  abundance  of  the  or- 
ganism could  have  impaired  kidney  func- 
tion enough  to  bring  about  excessive  loss 
of  albumin  in  the  urine.  Dombrowski 
(1954)  reported  A/G  ratios  ranging  from 
0.53  to  1.23  in  carp  infected  with  ascites, 
a  disease  characterized  by  an  accumula- 
tion of  serous  fluid  in  the  peritoneal  cavity. 
On  the  basis  of  A/G  ratios  determined 
in  these  experiments,  it  is  possible  that  dif- 
ferences in  A/G  ratios  reported  by  other 
workers  are  a  result  of  a  cyclic  relation- 
ship. For  example,  the  A/G  ratio  for  the 
smallmouth  bass  on  June  24  was  0.86,  but 
on  August  18  it  would  have  been  recorded 
as  1.57,  an  increase  of  about  85  percent. 
Later  in  the  period  an  A/G  ratio  of  0.59 
was  recorded.  These  results  suggest  that 
the  A/G  ratio  is  dependent  on  the  time  of 
year  it  is  determined.  This  cyclic  rela- 
tionship is  probably  dependent  on  several 
factors  characteristic  of  the  yearly  life 
cycle  of  a  particular  species  of  fish.  Such 
things  as  time  of  sex-product  formation, 
time  of  spawning,  and  response  to  tem- 
perature changes,  would  affect  the  timing 
of  the  cycle  and  also  the  amplitude,  but 
due  to  the  cyclic  nature  of  the  causes,  the 
cyclic  relationship  would  prevail  through- 
out the  life  of  the  individual. 
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SERUM  NONPROTEIN  NITROGEN 

The  concentration  of  no  other  fraction 
or  component  of  the  serum  of  animals  is 
dependent  on  as  many  factors  as  is  nonpro- 
tein nitrogen.  The  concentration  of  this 
serum  fraction  is  dependent  on  the  diges- 
tion of  proteins  and  the  absorption  of 
amino  acids,  the  deamination  of  amino 
acids,  degradation  of  the  nucleoproteins, 
the  efficiency  of  the  excretory  system,  and 
the  delicate  balance  between  catabolism 
and  anabolism.  Nonprotein  nitrogen  is 
truly  a  fluid  record  of  nitrogen  metabolism 
in  the  animal  body,  and  yet  few  compo- 
nents of  the  serum  are  more  constant. 
This  relative  constancy  of  the  whole  frac- 
tion and  the  metabolic  history  which  its 
components  record  have  made  nonprotein 
nitrogen  extremely  important  in  clinical 
diagnosis  of  pathological  conditions.  For 
example,  urea  levels  in  man  above  10  to  15 
milligrams  per  hundred  milliliters  of  se- 
rum (mg%)  are  indicative  of  chronic  and 
acute  nephritis,  metallic  poisoning,  intesti- 
nal obstruction,  and  some  infectious  dis- 
eases (Hawk  et  al.,  1954).  The  range  of 
the  amino  acid  nitrogen  fraction  in  the 
blood  of  the  normal  man  is  5  to  8  mg%. 
Values  higher  than  this  are  indicative  of 
leukemia,  acute  yellow  atrophy  of  the 
liver,  or  severe  nephritis  (Hawk  et  al., 
1954). 

The  composition  of  nonprotein  nitro- 
gen in  the  serum  of  fish  is  somewhat  dif- 
ferent than  that  in  man  or  other  verte- 
brates. Whereas  most  of  the  nitrogen  in 
the  nonprotein  nitrogen  fraction  of  man 
is  in  the  form  of  urea,  amino  acid  nitro- 
gen contributes  the  bulk  of  the  nonpro- 
tein nitrogen  in  fish.  The  total  concentra- 
tion of  nonprotein  nitrogen  is  remarkably 
similar  in  man,  the  rat,  and  fish. 

The  nonprotein  nitrogen  fraction  of  fish 
serum  has  probably  been  studied  more  than 
any  other  fraction.  Comparative  physi- 
ologists and  taxonomists  have  found  fer- 
tile ground  for  their  investigations  here. 


Among  the  papers  available,  those  by 
Denis  (1913),  Wilson  and  Adolph  (1917), 
Field  et  al.  (1943),  and  Phillips  et  al. 
(1957)  are  the  most  rewarding.  These 
authors  have  partitioned  the  nonprotein 
nitrogen  of  several  species  of  fish  into  its 
components;  however,  as  with  the  serum 
proteins,  little  information  is  available 
concerning  the  normal  or  abnormal  me- 
tabolism of  this  fraction  and  its  com- 
ponents. 

The  experimental  scheme  for  the  deter- 
mination of  nonprotein  nitrogen  was  the 
same  as  that  described  for  serum  protein. 
In  this  study,  total  nonprotein  nitrogen 
has  not  been  completely  partitioned.  Only 
total  nonprotein  nitrogen,  creatinine,  and 
uric  acid  have  been  determined.  The  re- 
sults of  these  determinations  are  given  in 
table  1,  and  are  graphically  presented  in 
figures  5  and  6,  where  the  concentrations 
in  milligrams  per  hundred  milliliters 
of  serum  (mg%)  are  plotted  against  time. 

Total   nonprotein   nitrogen 

The  total  nonprotein  nitrogen  fraction 
rose  sharply  from  the  beginning  of  the  ex- 
perimental period  in  June  until  the  latter 
part  of  July  at  which  time  it  declined,  re- 
turning to  its  original  June  level  about  the 
middle  of  August  (fig.  5).  During  this 
period  the  concentration  rose  from  30 
mg%  and  fell  to  about  28  mg%.     From 
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FIGURE  5. — Total  nonprotein  nitrogen  concentra- 
tions in  the  serum  of  sinalhnouth  bass,  deter- 
mined periodically  from  June  24  to  November 
18,  1958. 
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the  middle  of  August  until  early  October 
the  concentration  remained  constant;  how- 
ever, between  early  October  and  the  latter 
part  of  October  it  had  risen  almost  100 
percent,  to  about  56  mg%.  The  increase 
continued  into  November,  where  at  the 
end  of  the  experimental  period  the  non- 
protein nitrogen  concentration  was  about 
59  mg%. 

According  to  Field  et  al.  (1943),  the 
nonprotein  nitrogen  level  in  the  blood  of 
mammals  is  chiefly  determined  by  the  bal- 
ance among  the  rates  of  protein  catabo- 
lism,  amino  acid  anabolism,  and  excretion 
by  the  kidneys.  This  same  interrelation- 
ship probably  exists  in  fish ;  although  the 
factors  contributing  to  the  balance  are 
somewhat  different.  In  fish,  the  gills  are 
the  main  nitrogen  excretory  site  and  am- 
monia is  the  chief  nitrogenous  excretory 
product  (Smith,  1929)  ;  however,  as  men- 
tioned previously,  the  largest  fraction  of 
nonprotein  nitrogen  in  the  blood  of  fish  is 
contributed  by  amino  acid  nitrogen.  This 
suggests  a  very  different  pattern  of  nitro- 
gen metabolism  in  the  fish.  For  if  am- 
monia is  the  chief  excretory  product,  yet 
is  not  found  in  large  concentrations  in 
the  blood,  then  deamination  of  the  amino 
acids  must  take  place  at  the  site  of  excre- 
tion— the  gills.  Also,  the  presence  of  large 
amounts  of  amino  acid  nitrogen  in  the 
blood  suggests  some  deficiency  in  the  meta- 
bolic machinery  of  the  fish,  some  defect 
that  makes  the  utilization  of  amino  acids 
somewhat  inefficient. 

The  machinery  of  nonprotein  nitrogen 
metabolism  appears  to  be  somewhat  dif- 
ferent in  fish  than  in  mammals,  but  the 
total  effect,  that  of  keeping  the  nonprotein 
nitrogen  fraction  constant,  is  comparable. 
This  gives  us  some  basis  for  probing  for 
the  explanation  of  changes  in  the  nonpro- 
tein nitrogen  in  the  serum  of  smallmouth 
bass  noted  in  these  experiments.  The  in- 
crease in  serum  nonprotein  nitrogen  from 
June  24  to  July  24  and  the  gradual  return 


to  the  June  24  level  of  about  28  mg%  on 
August  18  probably  reflect  an  increase  in 
the  catabolic  rate.  Of  the  three  basic  fac- 
tors affecting  nonprotein  nitrogen  levels — 
anabolism,  catabolism,  and  excretion — a 
change  in  the  catabolic  rate  of  this  natural 
population  of  fish  seems  more  likely  than 
a  change  in  either  anabolism  or  excretion. 
According  to  this  assumption,  the  catabolic 
rate  increased  from  June  24  to  July  24, 
pouring  an  added  amount  of  nonprotein 
nitrogen  into  the  blood  stream.  Then  the 
catabolic  rate  returned  to  its  June  24  level 
on  August  18.  It  will  be  recalled  that  this 
period  of  increased  nonprotein  nitrogen 
levels  corresponds  to  the  period  of  decreas- 
ing serum  protein  levels.  It  might  seem 
at  first  glance  that  the  changes  in  these 
two  components  are  cause  and  effect,  or 
that  the  decrease  in  serum  protein  reflects 
an  increased  catabolic  rate  of  this  fraction. 
This  increased  catabolic  rate  pours  an 
added  amount  of  nitrogen  into  the  blood 
stream  to  be  excreted,  this  added  amount 
of  nitrogen  appearing  as  nonprotein. 
Rather  than  this  simple  cause  and  effect 
relation,  evidence  will  be  presented  later 
in  support  of  the  postulation  that  both  an 
increase  in  nonprotein  nitrogen  and  a  de- 
crease in  serum  protein  are  effects  of  the 
same  cause,  and  that  this  mechanism 
brings  about  a  simultaneous  increased 
catabolic  rate  and  reduced  anabolic  rate. 
The  period  of  relative  constancy  of  the 
nonprotein  nitrogen  fraction,  August  18  to 
October  7  (see  fig.  5),  probably  reflects 
stable  metabolic  relations,  relations  depict- 
ing a  positive  nitrogen  balance.  In  this 
metabolic  situation,  the  nitrogen  in  the 
nonprotein  nitrogen  fraction  arises  pri- 
marily from  the  turnover  of  endogenous 
body  protein.  It  is  a  situation  where 
anabolism  is  proceeding  at  a  faster  pace 
than  is  catabolism.  That  anabolism  is  in- 
creased is  evidenced  by  the  increasing 
serum  protein  concentration  during  this 
period. 
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Nonprotein  nitrogen  increased  signifi- 
cantly from  October  7  to  October  31  and 
remained  at  that  high  level  until  the  end 
of  the  experimental  period  on  November 
18  (table  1  and  fig.  5 ) .  During  this  period 
the  concentration  increased  from  approxi- 
mately 28  mg%  to  59  mg%,  an  increase 
of  more  than  100  percent.  At  first  glance 
this  increase  appears  to  be  the  result  of  a 
substantial  increase  in  protein  catabolism, 
and  this  might  be  true  except  that  during 
this  period  there  was  a  net  increase  of  1.8 
grams  of  serum  protein  per  100  milliliters 
of  serum.  If  the  increase  in  nonprotein 
nitrogen  resulted  from  an  increase  in 
catabolism,  apparently  it  was  a  selective 
catabolism,  since  the  serum  proteins  were 
not  affected.  There  is  another  possible  ex- 
planation for  this  rapid  increase  in  non- 
protein nitrogen.  A  decrease  in  the 
efficiency  of  the  excretory  system,  such  as 
might  have  been  induced  by  the  quiescent 
state,  could  have  caused  such  a  rapid  rise. 
Here  a  more  complete  partition  of  the 
nonprotein  nitrogen  would  have  been 
valuable  in  explaining  this  phenomenon. 
The  possibility  also  exists  that  both  of  the 
aforementioned  causes  contributed.  A 
combination  of  increased  tissue  catabolism 
brought  about  by  the  fasting  condition  of 
the  quiescent  fish  together  with  a  de- 
creased efficiency  of  excretion  could  ac- 
count for  the  increase  in  nonprotein  nitro- 
gen. Morgulis  and  Edwards  (1924)  sug- 
gested that  this  combination  might  be  the 
cause  of  the  increase  in  nonprotein  nitro- 
gen in  fasting  persons. 

Blood  creatinine 

Blood  creatinine,  the  anhydride  of 
creatine,  is  the  least  variable  nitrogenous 
constituent  of  the  blood  of  mammals 
(Hawk  et  al.,  1954) .  Eesults  reported  by 
Wilson  and  Adolph  (1917),  Field  et  al. 
(1943),  and  Phillips  et  al.  (1957),  indi- 
cate that  this  is  also  true  in  the  case  of 
fish.     Hawk  et  al.    (1954)    reports  that 
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Figure  6. — Creatinine  (open  circles)  concentra- 
tions in  the  blood  of  sinallmouth  bass,  deter- 
mined periodically  from  June  24  to  November 
18,  1958.  The  serum  total  nonprotein  nitrogen 
(closed  circles)  curve  from  figure  5  is  shown 
for  comparative  purposes.  (Note  that  the 
scales  on  the  ordinate  axes  are  different.) 

creatinine  in  mammals  is  more  readily  ex- 
creted than  is  either  uric  acid  or  urea,  and 
that  even  a  slight  increase  in  blood  creati- 
nine is  evidence  of  marked  impairment  of 
kidney  function.  In  contrast  with  am- 
monia, which  is  excreted  by  the  gills, 
creatinine  is  excreted  by  the  kidney  in  fish 
(Smith,  1929). 

In  these  experiments,  the  blood  creati- 
nine concentration  of  smallmouth  bass 
followed  closely  the  pattern  previously  de- 
scribed for  total  nonprotein  nitrogen. 
Although  the  range  of  concentration  was 
small,  the  changes  in  concentration  with 
respect  to  time  are  essentially  the  same  as 
those  noted  in  nonprotein  nitrogen.  As 
can  be  seen  from  table  1  and  figure  6,  there 
was  an  increase  in  blood  creatinine  during 
the  early  part  of  the  experimental  period, 
followed  by  a  period  of  relative  constancy, 
which  was  followed  by  a  period  of  in- 
crease. 

If  results  obtained  in  these  experiments 
were  examined,  using  information  from 
mammalian  physiology,  the  two  periods 
of  increased  creatinine  concentration, 
June  24  to  August  18  and  October  7  to 
November  18,  would  be  interpreted  as  in- 
dicating marked  impairment  of  kidney 
function    (Hawk  et  al.,  1954).     Appar- 
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ently,  creatinine  clearance  in  the  mam- 
malian kidney  is  so  efficient  that  increased 
production  of  creatinine  from  creatine 
normally  cannot  be  detected  in  the  blood, 
so  that  any  increase  in  creatinine  concen- 
t  rat  ion  means  an  impairment  of  kidney 
function.  Information  of  this  nature  is 
not  available  for  fish;  however,  it  is  not 
likely  that  kidney  dysfunction  was  the 
precipitating  cause  of  the  increases  in 
creatinine  concentration  noted  in  this 
natural  population  of  smallmouth  bass. 
When  interpreted  in  the  light  of  changes 
in  other  blood  and  serum  components, 
these  changes  appear  to  indicate  a  rather 
fixed  capacity  for  creatinine  clearance,  so 
that  increases  of  creatinine  production 
would  be  reflected  by  changes  in  blood 
concentration. 

According  to  Fruton  and  Simmonds 
(1958) ,  the  creatinine  excreted  in  the  urine 
of  mammals  is  correlated  with  the  fate  of 
the  muscle  creatine,  and  in  conditions 
characterized  by  the  breakdown  of  muscle 
tissues,  the  excretion  of  this  compound 
rises  markedly.  If  the  assumption  is  cor- 
rect that  the  fish  kidney  has  a  rather  fixed 
capacity  for  creatinine  clearance,  then  an 
increase  in  muscle-tissue  catabolism  would 
be  indicated  by  an  increase  in  blood  cre- 
atinine. Interpreted  in  this  light,  the  two 
periods  of  increased  creatinine  concentra- 
tion reflect  increases  in  tissue  catabolism. 
This  interpretation  agrees  with  the  one 
arrived  at  previously  for  total  nonprotein 
nitrogen. 

Uric  acid 

Uric  acid  has  been  determined  in  the 
blood  and  serum  of  fish  by  several  work- 
ers, Denis  (1913),  Vars  (1934),  Field  et 
al.  (1943),  Dombrowski  (1953),  and  Phil- 
lips et  al.  ( 1957 ) .  Their  results  encompass 
several  species  of  fish,  but  show  very  few 
differences  with  respect  to  the  species.  In 
fact,  different  workers  report  significantly 


different  concentrations  from  the  same 
species.  This  is  not  an  unusual  situation. 
Even  in  homeostatic  animals,  uric  acid 
determinations  are  not  useful  indicators 
of  purine  metabolism,  either  normal  or 
pathological  (Hawk  et  al.,  1954). 

Uric  acid  concentrations  in  the  serum 
of  the  smallmouth  bass  as  determined  in 
these  experiments  are  recorded  in  table  1. 
These  results  seem  to  bear  no  resemblance 
to  patterns  observed  in  total  nonprotein 
nitrogen  and  creatinine.  The  tendency  for 
high  and  low  values  to  alternate  during  the 
experimental  period  is  interesting,  but 
with  the  information  available,  explana- 
tion is  difficult. 

SERUM  PHOSPHORUS 

Information  concerning  phosphorus  in 
the  blood  and  serum  of  fish  is  scarce. 
Only  four  papers  were  located  in  which 
blood  or  serum  phosphorus  or  any  of  its 
fractions  had  been  determined.  McCay 
(1929)  has  made  the  most  comprehensive 
study  to  date  of  phosphorus  in  the  blood 
of  fish.  He  determined  partitioned  phos- 
phorus concentrations  in  the  whole  blood, 
in  the  red  cells,  and  in  the  serum  of  cat- 
fish. In  a  later  paper,  McCay  (1931)  com- 
pared the  partitioned  phosphorus  concen- 
trations in  the  whole  blood,  in  the  red  cells, 
and  in  the  plasma  of  the  pike,  carp,  and 
bullhead.  Field  et  al.  (1943)  included 
serum  inorganic  phosphorus  and  serum  to- 
tal phosphorus  in  the  determination  of  in- 
organic constituents  of  carp  blood.  These 
same  fractions  were  also  determined  by 
Phillips  et  al.  (1956)  in  the  brown  trout. 
From  the  work  of  these  authors,  appar- 
ently the  serum  of  fish  contains  roughly 
two  times  as  much  phosphorus  as  the  se- 
rum of  man  (Hawk  et  al.,  1954).  The 
serum  phosphorus  fractions,  inorganic 
phosphorus,  organic  acid-soluble  phos- 
phorus, and  lipid  phosphorus,  also  ap- 
pear in  fish  serum  in  approximately  two 
times  their  concentration  in  man. 
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In  these  experiments  three  phosphorus 
fractions  were  determined.  Serum  total 
phosphorus,  serum  lipid  phosphorus,  and 
serum  inorganic  phosphorus  have  been  de- 
termined according  to  the  same  experi- 
mental scheme  as  the  serum  proteins,  and 
other  components.  The  results  of  these 
determinations  are  shown  in  table  1. 

Serum  total   phosphorus 

Results  of  determinations  of  serum  to- 
tal phosphorus  are  given  in  table  1  and 
are  shown  graphically  by  figure  7.  From 
a  very  high  level  of  almost  90  mg%  on 
June  24  and  July  5  the  serum  total  phos- 
phorus level  dropped  abruptly,  reaching 
a  level  of  about  60  mg%  on  August  2. 
From  this  low  point,  the  levels  increased 
gradually  to  about  75  mg%  on  September 
29.  This  was  followed  by  a  sharp  drop 
to  about  68  mg%  on  October  7,  and  then 
by  an  increase  to  about  75  mg%  at  the  end 
of  the  experimental  period. 

One  of  the  most  interesting  points  in 
these  results  is  the  magnitude  of  the  serum 
total  phosphorus  levels.  Reported  levels 
in  other  fish  have  seldom  approached  even 
the  lowest  values  noted  in  these  experi- 
ments. McCay  (1931),  discussing  dif- 
ferences in  the  total  phosphorus  levels  of 
pike,  carp,  and  bullhead  plasma,  proposed 
that  the  differences  might  be  related  to 
the  activity  of  the  three  species.  If  high 
phosphorus  levels  were  associated  with 
activity,  then  the  smallmouth  bass  used  in 
these  experiments  would  be  expected  to 
have  extremely  high  values.  However, 
work  by  Phillips  et  al.  (1956)  on  the  blood 
of  brown  trout,  a  very  active  species,  tends 
to  discredit  the  "activity-high  phosphorus 
level"  explanation.  He  reported  an  av- 
erage value  of  21.1  mg/^  for  the  serum 
total  phosphorus  concentration  in  hatch- 
ery brown  trout,  a  value  about  one-third 
of  those  recorded  in  these  experiments. 
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Figure  7. — Total  phosphorus  (open  circles),  lipid 
phosphorus  (closed  circles),  and  inorganic 
phosphorus  (open  squares)  concentrations  in 
the  serum  of  smallmouth  bass,  determined 
periodically  from  June  24  to  November  18, 
1958. 


Serum   lipid   phosphorus 

Experimental  results  of  serum  lipid 
phosphorus  determinations  are  reported 
in  table  1  and  are  shown  graphically  in 
figure  7.  Lipid  phosphorus  values  re- 
ported here  are  approximately  two  times 
as  large  as  those  reported  by  McCay 
(1929,  1931)  in  the  carp,  pike,  and  bull- 
head. The  part  contributed  by  serum  lipid 
phosphorus  to  total  phosphorus  is  demon- 
strated by  a  comparison  of  the  two  con- 
centration curves  (fig.  7).  Although  the 
magnitude  of  the  changes  are  different, 
the  direction  of  change  is  always  the  same. 

The  most  interesting  result  of  these 
determinations  of  serum  lipid  phosphorus 
lies  in  the  similarity  of  changes  occurring 
in  lipid  phosphorus  and  serum  protein 
(see  figs.  2  and  7).  Both  curves  dropped 
to  minimum  values  in  August  and  then 
rose  more  or  less  steadily  to  their  highest 
values  by  the  end  of  the  experimental  pe- 
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rio  1.  Certain  differences  are  important, 
however.  The  lipid  phosphorus  curve 
reached  its  lowest  point  on  August  2,  while 
the  serum  protein  reached  its  lowest  value 
on  August  18.  Except  for  the  sharp  drop 
in  concentration  from  July  24  to  August 
2,  the  relative  magnitude  of  the  decrease 
in  lipid  phosphorus  was  not  as  great  as 
in  serum  protein.  These  results  suggest 
that  some  mechanism  producing  a  net  loss 
of  serum  protein,  and  especially  of  serum 
globulin,  also  produced  a  net  loss  in  serum 
lipid  phosphorus,  and  that  when  the  effect 
of  this  mechanism  was  reduced,  the  two 
components  increased  in  concentration. 
These  results  suggest  that  serum  lipid 
phosphorus  was  not  equally  affected,  and 
that  only  when  the  causal  mechanism  was 
exerting  its  greatest  influence,  between 
August  2  and  August  18,  Avas  serum  lipid 
phosphorus  markedly  reduced.  This  pat- 
tern of  behavior  in  the  two  serum  frac- 
tions would  be  expected  if  energy  for  syn- 
thesis had  been  systematically  reduced 
during  this  period. 

Both  serum  protein  and  serum  lipid 
phosphorus  supposedly  require  energy  in 
the  form  of  high  energy  phosphate  bonds 
(adenosine  triphosphate,  ATP)  for  syn- 
thesis. But  the  synthesis  of  the  serum 
protein  molecule  synthesized  by  specific 
attachment  of  ATP -activated  amino  acids 
to  a  nucleic  acid  template,  as  suggested  by 
Bounce  (1952),  Boorsook  (1953)  and  Fru- 
ton  and  Simmonds  (1958),  would  require 
a  great  deal  more  energy  (ATP)  than 
would  the  synthesis  of  a  lipid  phosphorus 
molecule  by  the  "cytidyl-transferase  sys- 
tem," in  the  manner  proposed  by  Smith  et 
al.  (1957).  If  these  assumptions  are  cor- 
rect, then  a  reduced  energy  or  ATP  sup- 
ply brought  about  by  a  decrease  in  the  rate 
of  energy  production  would  reduce  the 
amount  of  energy  available  for  all  energy- 
requiring  processes  including  synthesis. 
Since  the  synthesis  of  serum  proteins  re- 
quires a  great  deal  of  energy,  a  shortage 


in  the  supply  of  energy  or  ATP  would  be 
reflected  in  a  lowered  rate  of  production. 
Synthesis  of  lipid  phosphorus,  which  rep- 
resents a  relatively  small  amount  of  en- 
ergy, would  be  much  less  affected  by  a  de- 
creased supply  of  energy.  Only  after  the 
energy  supply  became  seriously  reduced 
would  the  synthesis  of  lipid  phosphorus 
be  markedly  affected. 

An  energy  shortage  could  explain  the 
changes  noted  in  serum  proteins  and  lipid 
phosphorus  in  these  experiments.  It 
would  suggest  that  the  energy  supply 
available  for  synthesis  in  the  smallmouth 
bass  decreased  during  the  period  from 
June  24  to  sometime  between  August  2 
and  August  18.  At  this  point  the  supply 
of  energy  began  to  increase,  bringing 
about  an  increased  rate  of  synthesis.  This 
increased  synthetic  rate  is  reflected  in  the 
net  increase  of  both  serum  protein  and 
serum  lipid  phosphorus,  which  continued 
to  the  end  of  the  experimental  period. 

Serum  inorganic  phosphorus 

Except  for  the  August  18  blood  sample, 
inorganic  phosphorus  levels  showed  a 
general  downward  trend  throughout  the 
experimental  period  (table  1  and  fig.  7). 
From  a  level  of  16.0  mg%  on  June  24,  the 
concentration  decreased  to  12.8  mg%  on 
July  24.  This  was  followed  by  a  sharp 
rise  to  17.3  mg%  on  August  18.  In  the 
blood  sample  taken  on  August  27,  the  in- 
organic phosphorus  level  had  fallen  to  12.2 
mg%.  By  September  29  the  concentration 
had  decreased  to  about  9  mg%,  where  it 
remained  until  November  18. 

The  downward  trend  in  concentration 
levels  noted  in  serum  inorganic  phospho- 
rus was  not  observed  in  any  of  the  other 
15  components  determined.  A  systematic 
reduction  in  concentration  was  noted  in 
several  serum  components  (globulin,  lipid 
phosphorus,  calcium,  et  cetera),  but  in  all 
of  these  cases  there  was  a  reversal  of  trend 
during  the  experimental  period.    For  ex- 
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ample,  serum  globulin  levels  decreased 
progressively  from  June  24  to  August  18 
only  to  be  followed  by  a  progressive  in- 
crease to  the  end  of  the  experimental  pe- 
riod (fig.  3).  These  results  suggest  that 
the  inorganic  phosphorus  levels  in  the  se- 
rum of  the  smallmouth  bass  are  controlled 
by  a  different  mechanism  than  are  the  lev- 
els of  other  components. 

The  sharp  increase  in  inorganic  phos- 
phorus from  August  2  to  August  18  cor- 
responds with  the  period  in  which  globu- 
lin levels  reached  their  lowest  value, 
sodium  and  potassium  levels  reached  their 
peak,  and  the  energy  supply  in  the  small- 
mouth  bass  was  at  its  lowest  level.  When 
these  data  are  considered  along  with  the 
discussion  in  the  previous  paragraph,  it 
seems  possible  that  serum  inorganic  phos- 
phorus levels  are  controlled  by  a  different 
mechanism  than  are  the  other  components  ; 
that  this  mechanism  is  not  affected  in  a 
similar  manner  by  changes  in  the  metabo- 
lism of  fish ;  but  that  this  mechanism  may 
be  affected  by  extreme  changes  in  the  ana- 
bolic-catabolic  balance,  such  as  the  condi- 
tion prevailing  between  August  2  and 
August  18  of  the  experimental  period. 

SERUM   ELECTROLYTES 

Electrolytes  are  distributed  in  solution 
throughout  all  the  body  fluids,  blood 
lymph,  intracellular  fluids,  digestive 
juices,  and  urine.  The  cations  of  the  elec- 
trolytes are  the  ions  of  sodium,  potassium, 
calcium,  and  magnesium,  with  sodium 
and  potassium  predominating.  Quantita- 
tively, the  chief  cation  of  serum  and  other 
extracellular  fluids  is  sodium,  while  the 
chief  cation  of  intracellular  fluid  is  potas- 
sium. The  chief  anions  of  serum  and 
other  extracellular  fluids  are  the  chloride 
ion  and  the  bicarbonate  ion  (West,  1<)57). 

The  electrolytes  of  body  fluids  have 
various  functions,  the  most  important  of 
which  are  to  contribute  a  majority  of  the 
Dsmotieally    active   particles,   to    provide 


buffer  systems  and  mechanisms  for  the 
regulation  of  pH  (acid-base  balance) ,  and 
to  give  the  proper  ionic  balance  for  nor- 
mal neuromuscular  irritability  and  tissue 
function  (West,  1957). 

The  electrolytes  of  the  animal  body  are 
important  not  only  qualitatively  but  also 
quantitatively.  The  distribution  of  the 
different  electrolytes  between  intracellular 
and  extracellular  fluids  is  also  important. 
In  man  the  normal  serum  potassium  con- 
centration ranges  from  4.0  to  5.4  milli- 
equivalents  per  liter  (meq/1).  If  this  con- 
centration increases  to  7  meq/1,  charac- 
teristic electrocardiographic  disturbances 
are  noted.  In  concentrations  above  10 
meq/1,  the  heart  may  stop  in  diastole. 

The  electrolytes  of  the  animal  body  also 
perform  other  important  functions.  The 
role  of  calcium  in  the  clotting  of  blood  and 
in  bone  formation  is  well  known.  Mag- 
nesium is  needed  for  the  activation  of  cer- 
tain enzymes,  such  as  the  phosphatases  and 
transphosphorylases.  Sodium  and  potas- 
sium are  also  necessary  in  the  activation  of 
certain  enzymes. 

A  great  deal  of  information  is  available 
regarding  the  electrolytes  of  the  physio- 
logical fluids  of  fish.    Most  of  this  infor- 
mation concerns  the  role  of  these  ions  in 
osmoregulation.    Krogh's  work  (1939)  on 
the  osmotic  regulation  in  aquatic  animals 
is  a  classical  work  on  this  subject.     Bald- 
win  (11)40)   also  contributed  valuable  in- 
formation on  the  role  of  ions  in  the  blood 
of    aquatic    organisms.     Experiments    by 
Phillips  and  his  group  have  contributed 
immensely  to  information  on  the  role  of 
the  calcium  ion  in  osmoregulation  (Phil- 
lips et   al.,   1952,   1953,   1954,   L955,    1956, 
1957).    Compared  with  this  large  amount 
of  work  on  the  effect  of  ions  on  osmoregu- 
lation, little  information   is  available  on 
the  role  played  by  the  electrolytes  in  acid- 
base  balance,  normal-tissue  function,  and 
neuromuscular  irritability  in  the  fish. 
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Figure  8. — Sodium  (open  circles)  and  potassium 
(closed  circles)  concentrations  in  the  serum  of 
smallmouth  bass,  determined  periodically 
from  June  24  to  November  18,  1958.  (Note 
that  the  scales  on  the  ordinate  axes  are 
different. ) 

Serum  sodium 

Serum  sodium  concentrations,  except 
for  an  initial  decrease,  rose  markedly 
throughout  the  period  June  24  to  August 
18  (table  1  and  fig.  8).  From  a  level  of 
128  meq/1  on  June  24,  the  serum  sodium 
level  decreased  slightly  to  120  meq/1  on 
July  5.  Following  this  decline  the  con- 
centration rose  to  a  maximum  value  of  148 
meq/1  on  August  18.  On  August  24,  the 
serum  sodium  level  decreased  slightly  to 
140  meq/1,  where  it  remained  until  the  end 
of  the  experimental  period. 

Serum  sodium  levels  in  the  normal  man 
are  fairly  constant,  130-144  meq/1  (Hawk 
et  al.,  1954) .  Work  by  Field  et  al.  (1943) 
reported  a  range  of  10  meq/1  (127-137 
meq/1)  in  the  serum  sodium  levels  of  the 
carp,  while  Phillips  et  al.  (1956)  reported 
a  range  of  11  meq/1  (151-162  meq/1)  in 
the  brown  trout.  In  the  smallmouth  bass, 
the  range  of  the  seasonal  variation  in  the 
pooled  serum  sodium  values  was  28  meq/1 
(120-148  meq/1) .  The  values  of  Field  et 
al.  and  Phillips  et  al.  are  not  strictly  com- 
parable with  the  values  in  these  experi- 
ments, however,  since  their  work  was  con- 
ducted over  a  shorter  period  of  time. 

The  homeostatic  mechanism  for  main- 
taining serum  sodium  levels  seems  to  be 
almost  as  effective  in  fish  as  in  higher 
vertebrates.    Results  of  these  present  ex- 


periments suggest,  however,  that  this 
mechanism  in  fish  is  not  capable  of  main- 
taining a  constant  level  over  a  period  of 
several  months.  The  cyclic  behavior  of 
the  regulatory  or  homeostatic  mechanisms 
in  the  smallmouth  bass  has  been  suggested 
by  evidence  in  several  previous  sections  of 
this  paper,  and  seemingly  here  is  another 
case  in  evidence.  Apparently  the  needs  of 
the  fish  change  with  respect  to  the  amount 
of  the  electrolyte  sodium,  and  the  homeo- 
static mechanism  seems  to  be  readjusted  to 
these  needs. 

An  interesting  aspect  of  these  data  is 
shown  by  comparing  the  curves  of  serum 
protein  (fig.  2)  with  the  serum  sodium 
curve  (fig.  8).  On  August  18,  serum  pro- 
tein reached  its  lowest  recorded  level  and 
on  this  same  sampling  date  serum  sodium 
reached  its  maximum  concentration. 
These  two  serum  components  displayed  in- 
verse patterns  of  behavior  throughout  the 
period  July  5  to  August  27.  During  this 
period,  a  decrease  in  the  one  component 
was  accompanied  by  an  increase  in  the 
other.  This  relation  was  disrupted  after 
August  27  and  the  sodium  concentration 
remained  constant  throughout  the  re- 
mainder of  the  experimental  period,  even 
though  serum  protein  increased  signifi- 
cantly. 

Serum  potassium 

As  shown  in  figure  8,  serum  potassium 
concentrations  behave  in  a  manner  similar 
to  serum  sodium.  Although  the  magni- 
tude of  changes  were  different  in  the  two 
components,  the  trends  in  variation  were 
identical  from  the  beginning  of  the  experi- 
mental period  until  August  27.  The 
serum  potassium  at  the  beginning  of  the 
experimental  period  was  9.9  mg%  (table 
1) .  After  a  decrease  to  6.4  mg%,  the  con- 
centration increased  steadily  through  four 
sampling  dates  until  it  reached  a  level  of 
17.2  mg%  on  August  18.  This  rapid  in- 
crease was  followed  by  a  decrease  in  con- 
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centration  until  October  7.  At  the  end  of 
the  experiment,  the  concentration  was 
only  slightly  lower  than  the  concentration 
at  the  beginning  of  the  experiment. 

The  relation  between  serum  sodium  and 
serum  potassium  concentrations  in  these 
experiments  should  be  mentioned. 
Changes  in  the  serum  sodium  and  the 
serum  potassium  concentrations  between 
consecutive  sampling  dates  are  shown  in 
table  2.  Also  recorded  are  the  ratios  of 
those  changes.  For  example,  between 
June  24  and  July  5  the  sodium  concentra- 
tion decreased  18  mg%.  During  the  same 
period,  serum  potassium  decreased  3.5 
mg%.  Here  the  decrease  in  sodium  was 
18/3.5,  or  5.1  times  as  great  as  the  potas- 
sium decrease.  Between  the  sampling 
dates,  July  5  to  July  24,  sodium  increased 
18  mg%  while  serum  potassium  increased 
2.6  mg%.  The  increase  in  sodium  was 
18/2.6,  or  6.9  times  as  great  as  the  increase 
in  potassium.  In  the  next  interval,  July 
24  to  August  2,  the  sodium  increase  was 
19/3.8,  or  5  times  as  great  as  the  potassium 
increase.  As  shown  in  table  2  and  sug- 
gested by  figure  8,  any  change  in  sodium 
concentration,  increase  or  decrease,  is  ac- 
companied by  a  similar  change  in  serum 
potassium,  but  with  approximately  one- 
sixth  of  the  magnitude. 

The  way  in  which  the  information  on 
the  relationship  of  serum  sodium  and 
serum  potassium  has  been  presented  is  not 
meant  to  imply  that  a  change  in  the  con- 
centration of  potassium  resulted  from  a 
change  in  the  sodium  concentration,  or 
that  the  reverse  relationship  was  true.  Al- 
though either  of  these  relationships  might 
occur,  (lie  ratio  employed  was  simply  the 
easier  method,  in  that  ratios  calculated  in 
this  manner  are  whole  numbers  rather  than 
small  decimal  fractions. 

The  relation  between  the  levels  of 
serum  sodium  and  serum  potassium  as 
presented  in  table  2  does  not  explain  why 
these  two  electrolytes  increased  in  concen- 


Table  2. — Change  and  ratio  of  change  of  serum 
sodium  and  potassium  concentrations  between 
sampling  dates 


Blood 
sample 

Date  of  sample 

Change  in  serum 
concentration 
(in  mg%)  of— 

Ratio  of 
change 

number 

Sodium 

Potas- 
sium 

I 

June  24,  1958 

July  5,  1958 

July  24,  1958 

August  2,  1958 

August  18,  1958...- 
August27,  1958..-. 

U8 
18 
19 
27 

i  18 

13.5 
2.6 
3.8 
4.4 

12.2 

II 

5.1:1 

III . 

6.9:1 

IV 

v.. __ 

5.0:1 
6.1:1 

VI 

8.2:1 

i  Concentration  decreased  between  these  2  sampling  dates. 

tration  during  the  period  that  serum  pro- 
tein decreased.  Nor  does  it  explain  why 
the  electrolytes  reached  their  maximum 
concentration  on  August  18,  the  sampling 
date  that  the  serum  protein  concentration 
was  at  its  lowest  point.  However,  this  re- 
lationship does  suggest  that  despite  the 
magnitude  of  the  changes  demonstrated, 
some  homeostatic  device  has  been  active  in 
maintaining  the  correct  balance  between 
these  two  important  electrolytes,  in  main- 
taining a  correct  sodium-potassium  ratio. 
There  are  two  possible  explanations  for 
the  abrupt  rise  in  the  serum  sodium  and 
potassium  curves  (fig.  8)  during  the  pe- 
riod when  the  serum  protein  and  serum 
lipid  phosphorus  concentrations  were  de- 
creasing. First,  in  the  discussion  of  the 
nonprotein  nitrogen  fraction,  an  increased 
catabolic  rate  was  suggested  as  the  reason 
for  the  increased  nonprotein  nitrogen  lev- 
els from  June  24  to  August  18.  It  was 
also  suggested  as  a  partial  cause  for  the 
decrease  in  serum  protein.  If  this  assump- 
tion is  correct  and  the  increase  in  the 
catabolic  rate  were  great  enough  to  initiate 
tissue  catabolism,  potassium  would  be  re- 
leased into  the  plasma  as  a  result  of  cellu- 
lar disruption.  A  negative  potassium  bal- 
ance associated  with  abnormal  destruction 
of  body  tissue  in  mammals  has  been  dis- 
cussed by  West   (1957)   and  Hawk  et  al. 


20 


(1954).  According  to  this  proposition, 
the  increase  in  serum  potassium  caused  by 
catabolism  of  1  issue  would  be  accompanied 
by  an  increase  in  serum  sodium  as  a  result 
of  activity  on  the  part  of  the  homeostatic 
device  responsible  for  maintaining  the  cor- 
rect sodium -potassium  ratio.  Once  the 
(issue  catabolism  ceases,  as  evidenced  by 
the  return  to  normal  of  the  nonprotein 
nitrogen  curve  on  August  18  (fig.  5),  the 
potassium  levels  fall. 

The  second  possible  explanation  of  the 
rapid  increase  in  serum  sodium  and  potas- 
sium concentrations  concerns  the  adjust- 
ing of  osmotic  pressure  of  the  serum  or 
plasma.  West  (1957)  discusses  the  in- 
creased rate  of  reabsorption  of  sodium 
salts  in  the  distal  tubules  of  the  kidney  as 
a  method  whereby  the  mammalian  body 
can  correct  conditions  in  which  electrolyte 
concentration  and  osmotic  pressure  of 
plasma  fall  below  normal.  In  addition,  he 
notes  that  this  condition  is  also  alleviated 
by  excretion  of  a  more  dilute  urine,  there- 
by concentrating  the  plasma  somewhat 
and  increasing  the  osmotic  pressure.  The 
situation  in  the  blood  of  the  bass  is  not 
exactly  comparable  with  the  one  that  West 
describes,  in  that  the  fish  apparently  has 
no  electrolyte  deficit.  It  is  assumed,  how- 
ever, that  as  a  result  of  the  decrease  in 
serum  protein  there  must  be  a  decrease 
in  osmotic  pressure  in  the  bass.  It  is  pos- 
sible, then,  that  the  increase  in  serum  elec- 
trolytes is  a  compensatory  activity  on  the 
part  of  the  homeostatic  mechanism  of  the 
fish  to  maintain  the  total  number  of  os- 
motically  active  particles  in  the  plasma 
despite  a  net  loss  of  serum  protein  mole- 
cules. Increase  in  the  total  number  of  os- 
motically  active  particles  is  possibly 
brought  about  by  increased  active  trans- 
port of  the  sodium  and  potassium  ions 
across  the  gill  membranes  into  the  body 
(Krogh,  1939).  An  increase  of  electro- 
lytes in  the  plasma  could  be  even  more 
deadly  than  the  loss  in  osmotic  pressure 


if  the  different  electrolytes  were  not  pres- 
ent in  the  proper  amounts.  In  this  case, 
even  though  the  concentration  of  both  so- 
dium and  potassium  have  increased,  these 
increases  have  been  maintained  in  physio- 
logical balance  (table  2).  This  was 
pointed  out  in  the  discussion  on  the  so- 
dium-potassium relation. 

Serum  calcium 

Calcium  is  an  essential  constituent  of  all 
living  cells.  Its  mode  of  action  is  not 
clear,  but  it  appears  to  play  a  part  in  de- 
creasing the  permeability  of  cell  mem- 
branes. Its  effect  on  neuromuscular  mech- 
anisms is  shown  in  higher  animals  by  the 
development  of  hyperirritability  and 
tetany  as  a  result  of  a  decline  in  calcium 
content  of  the  blood  (Hawk  et  al.,  1954). 
Calcium  is  apparently  necessary  in  activa- 
tion of  the  adenosine  triphosphatase  ac- 
tivity of  myosin,  but  may  uncouple  oxida- 
tive phosphorylation  when  present  in 
excess  (Fruton  and  Simmonds,  1958). 

In  fish,  the  calcium  ion  plays  an  impor- 
tant role  in  osmoregulation.  Phillips  et 
al.  (1954)  have  shown  that  calcium  is  ab- 
sorbed from  the  water  by  small,  nonfeed- 
ing  brook  trout,  and  that  the  absorbed  cal- 
cium is  deposited  in  body  tissues.  His 
group  has  also  shown  highly  significant 
differences  in  the  amounts  distributed  be- 
tween body  parts.  Other  experiments  by 
this  group  show  that  the  rate  of  distribu- 
tion of  calcium  to  the  body  parts  is  a  func- 
tion of  the  metabolic  activity  of  the  trout. 
They  have  also  shown  that  the  metabolic 
activity  is  dependent  to  some  extent  on  the 
physical  composition  of  the  water.  In  a 
later  work,  Phillips  et  al.  (1957)  have 
shown  that  the  concentration  of  calcium 
in  the  water  significantly  affects  the  utili- 
zation of  calcium  from  food.  More  cal- 
cium was  absorbed  by  the  brook  trout 
from  its  food  in  water  containing  5.0  parts 
per  million  (p.p.m.)  calcium  than  from 
waters  containing  50.0  p.p.m. 
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Discussing  the  management  implica- 
tions of  calcium  in  osmoregulation,  Phil- 
lips et  al.  (1956)  suggested  that  since  en- 
ergy must  be  expended  by  the  fish  to  main- 
tain osmotic  equilibrium,  the  increased 
metabolic  activity  on  the  part  of  the  fish 
in  low-calcium  waters  could  possibly  in- 
fluence the  growth  of  fish.  The  increased 
utilization  of  energy  to  maintain  osmotic 
equilibrium  would  leave  less  energy  avail- 
able for  anabolism  or  growth.  In  support 
of  this  he  cites  work  by  Keimers  et  al. 
(1955)  that  showed  an  apparent  positive 
correlation  between  calcium  content  of  al- 
pine lake  waters  and  the  growth  of  brook 
trout. 

As  is  evident  from  the  previous  section, 
there  has  been  a  great  deal  of  critical  work 
on  the  osmoregulatory  effect  of  calcium 
as  well  as  the  effect  of  changes  in  calcium 
concentration  on  the  metabolic  rate,  but 
there  is  little  information  available  on 
what  part  this  ion  plays  in  metabolism  or 
what  changing  blood  levels  mean  in  terms 
of  changing  metabolic  patterns.  In  these 
experiments,  changes  in  the  serum  levels 
of  calcium  were  pronounced  (table  1  and 
fig.  9).  Although  variation  in  serum  cal- 
cium was  more  erratic,  at  least  during  part 
of  the  experimental  period,  it  nevertheless 
demonstrated  cyclic  tendencies.  The  cal- 
cium concentration  during  the  period  July 
5  to  August  27  was  characterized  by  alter- 
nate increases  and  decreases,  but  it  demon- 
strated an  overall  decrease.  Following  a 
period  of  about  4  weeks  (August  27  to 
September  29)  in  which  the  concentration 
remained  very  nearly  the  same,  the  levels 
began  to  increase,  finally  reaching  a  level 
of  almost  20  mg%  at  the  end  of  the  ex- 
perimental period. 

The  behavior  of  the  calcium  concent  ra- 
tion is  very  difficult  to  correlate  with  be- 
havior of  any  of  the  other  components. 
Although  it  tended  to  behave  generally 
like  serum  protein,  the  relation  is  not  so 
clear  as  the  relation  between  protein  and 
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Figure  9. — Calcium  concentrations  in  the  serum 
of  smallmouth  bass,  determined  periodically 
from  July  5  to  November  18,  1958. 

sodium  or  protein  and  potassium.  Ac- 
cording to  Hawk  et  al.  (1954),  there  is  a 
reasonably  close  relation  between  serum 
calcium,  inorganic  phosphate,  and  protein 
in  man.  The  relation  can  be  expressed  by 
a  multiple-regression  equation.  This  rela- 
tion does  not  seem  to  exist  in  the  small- 
mouth  bass.  Although  the  correlation  of 
serum  calcium  levels  with  serum  protein 
levels  would  probably  be  significant,  the 
serum  inorganic  phosphorus  levels  seem 
to  be  totally  unrelated  to  either.  Serum 
calcium  levels  in  these  experiments  do 
seem  to  be  cyclic  in  nature,  but  with  the 
present  state  of  information  on  factors 
affecting  the  regulation  of  this  electrolyte 
in  the  blood,  no  explanation  can  be  offered 
for  its  behavior. 

Serum  chloride 

The  chloride  ion  is  intimately  involved 
in  several  physiological  processes  of  the 
fish.  In  addition  to  being  the  chief  anion 
of  both  gastric  juice  and  serum,  the  chlo- 
ride ion  maintains  acid-base  balance  by  its 
participation  in  the  "chloride  shift,"  and 
it  also  contributes  a  large  number  of 
osmotically  active  particles  to  the  process 
of  osmoregulation  (Davson,  1951).  Krogh 
(1939)  has  shown  that  an  active  chloride- 
absorbing  mechanism  in  the  gill  compen- 
sates for  the  continual  loss  of  the  ion  in 
the  copious,  dilute  mine  of  fish.  He  also 
found  that  the  ability  to  absorb  chloride 
and  the  threshold  of  chloride  concentra- 
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Figure  10. — Chloride  concentrations  in  the  serum 
of  smallmouth  bass,  determined  periodically 
from  June  24  to  November  18,  1958. 

tion  of  the  water  from  which  the  ion  could 
be  absorbed  varied  with  the  species. 

In  these  experiments  considerable 
changes  were  noted  in  the  chloride  con- 
centration of  the  serum  of  the  smallmouth 
bass.  The  results  of  the  determinations 
on  serum  chloride  are  given  in  table  1  and 
are  shown  in  fig.  10.  After  a  sharp  drop 
from  123  meq/1  to  102  meq/1,  serum  chlo- 
ride increased  throughout  the  period  July 
5  to  September  29,  finally  reaching  a  high 
of  132  meq/1  on  September  29.  This  in- 
crease was  followed  by  a  series  of  decreases 
and  increases  with  the  level  at  the  end  of 
the  experiment  being  110  meq/1.  Here, 
as  in  the  calcium  concentration  curve,  there 
seems  to  be  little  similarity  between  the 
pattern  of  changes  of  serum  chloride  con- 
centration and  other  constituents  of  the 
serum.  Although  there  seems  to  be  a 
cyclic  nature  in  the  behavior  of  this  com- 
ponent, the  timing  of  the  cycle  seems  to  be 
completely  unrelated  to  the  timing  of 
other  apparently  cyclic  constituents.  Un- 
fortunately, even  with  the  amount  of  in- 
formation available  concerning  the  ab- 
sorption and  excretion  of  chloride,  little 
is  known  about  the  mechanism  by  which 
these  processes  are  controlled.  The 
changes  observed  in  the  serum  chloride 
concentration  undoubtedly  are  related  to 
the  changes  in  the  anabolic-catabolic  rela- 
tionship, which  has  been  suggested  as  be- 
ing the  cause  for  the  behavior  of  other 
components  of  the  serum. 


SERUM  CHOLESTEROL 

Cholesterol  is  an  important  component 
of  living  systems.  It  belongs  to  a  group 
of  crystalline  alcohols  known  as  the 
sterols.  It  apparently  holds  a  key  and 
central  position  in  the  metabolism  of  many 
closely  related  and  biologically  important 
compounds.  In  recent  years  cholesterol 
has  come  under  increased  scrutiny  due  to 
its  possible  role  in  cardiopathy.  End 
products  of  the  metabolism  of  cholesterol 
are  many  and  include  the  bile  acids  and 
the  varied  group  of  steroid  hormones. 
Almost  all  of  the  cholesterol  in  human  se- 
rum (free  and  esterified)  is  associated  with 
the  lipoproteins  (Fruton  and  Simmonds, 
1958). 

Very  little  information  is  available  on 
cholesterol  metabolism  in  fish.  Field  et  al. 
(1943)  have  noted  that  cholesterol  ac- 
counted for  more  than  half  of  the  total 
lipids  found  in  carp  blood.  He  also  found 
almost  one-half  the  cholesterol  in  the  free 
state.  Dombrowski  (1954)  reported  that 
the  cholesterol  level  in  the  blood  of  carp 
infected  with  carp  dropsy  or  ascites  was 
significantly  lower  than  the  level  in 
healthy  carp.  Phillips  et  al.  (1957)  re- 
ported slightly  lower  values  for  brook 
trout  than  for  brown  trout. 

Cholesterol  levels  in  the  serum  of  the 
smallmouth  bass  were  subject  to  a  great 
deal  of  variation.  Figure  11  demonstrates 
the     extent     of     variation     encountered. 
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Figure  11. — Cholesterol  concentrations  in  the 
serum  of  smallmouth  bass,  determined  periodi- 
cally from  July  5  to  November  18,  1958. 
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After  recording  three  successive  readings 
of  145  mg%  from  July  5  to  August  2,  the 
cholesterol  level  dropped  more  than  100 
percent  to  a  level  of  65  mg%  on  August  18 
(table  1).  This  drop  was  followed  by  a 
dramatic  rise  to  346  mg%  on  September 
29.  Levels  greater  than  300  mg%  were 
maintained  throughout  the  remainder  of 
the  experimental  period. 

Here  again  the  metabolic  patterns  pro- 
ducing changes  in  serum  levels  of  other 
components  seemingly  are  at  work,  but  un- 
like serum  calcium  and  chloride,  changes 
in  serum  cholesterol  seem  to  be  more  di- 
rectly related  to  variation  noted  in  serum 
globulin,  serum  potassium,  et  cetera.  Se- 
rum cholesterol  remained  low  throughout 
the  period  that  serum  protein  levels  were 
decreasing,  and  reached  its  lowest  level 
on  August  18,  which  will  be  remembered 
as  the  date  corresponding  with  a  mini- 
mum value  in  serum  protein,  the  return 
to  apparently  normal  levels  of  nonprotein 
nitrogen,  and  maximum  values  in  sodium, 
potassium,  and  inorganic  phosphorus.  The 
levels  of  serum  cholesterol  from  the  be- 
ginning of  the  experimental  period  to 
August  18  were  extremely  low  compared 
with  values  obtained  in  other  fish.  Field 
et  al.  (1943)  reported  a  range  of  244  mg% 
to  364  mg%  free  cholesterol  in  the  whole 
blood  of  carp.  Phillips  et  al.  ( 1957)  found 
an  average  of  316  mg%  cholesterol  in  the 
serum  of  the  brook  trout  and  402  mg% 
cholesterol  in  the  serum  of  the  brown 
trout.  Apparently,  then,  the  smallmouth 
bass  were  actually  in  a  state  of  hypocho- 
lesterolemia  from  July  5  to  August  18. 

In  man,  decreased  cholesterol  or  hypo- 
cholesterolemia  is  found  in  conditions  of 
hyperthyroidism,  pernicious  anemia,  and 
certain  types  of  liver  disease  (Hawk  et  al., 
1954).  Also,  almost  all  of  the  cholesterol 
of  human  plasma  is  associated  with  lipo- 
proteins, and  these  lipoproteins  are  identi- 
fied electrophoretically  with  certain  glob- 
ulin   fractions     (Oncley,    1956).      Here, 


then,  are  two  possible  explanations  for  the 
low  cholesterol  values : 

(1)  A  condition  of  hyperthyroidism 
during  the  period  July  5  to  August  18 
could  account  for  the  low  values;  or  (2) 
it  is  conceivable  that  since  cholesterol  is 
so  intimately  associated  with  globulin 
that  an  interference  in  globulin  metabo- 
lism might  have  affected  serum  cholesterol 
levels.  It  is  apparent  from  figure  3  and 
previous  discussions  that  globulin  metabo- 
lism was  interfered  with  during  this 
period. 

BLOOD  GLUCOSE 

The  following  discussion  provides  little 
background  for  the  interpretation  of  blood 
glucose  data  in  these  experiments  and  may 
seem  to  be  more  detailed  than  is  justified 
by  available  information ;  however,  such  a 
discussion  is  necessary  to  formulate  an 
explanation  of  the  possible  role  of  energy 
metabolism  in  producing  the  blood  com- 
position patterns  observed  in  the  small- 
mouth  bass.  Since  glucose  and  other 
carbohydrates  are  intimately  related  to 
energy  metabolism,  the  discussion  of  car- 
bohydrates is  included  in  this  section. 

The  role  of  blood  glucose  in  mammalian 
metabolism  is  well  known.  It  plays  the 
same  type  role  in  the  metabolism  of  fish, 
but  certain  experimental  evidence  suggests 
that  its  role  in  normal  fish  metabolism  is 
more  restricted  than  in  mammals.  Phil- 
lips has  contributed  a  significant  amount 
of  work  on  this  subject  by  publication  of 
a  paper  on  carbohydrate  utilization  in 
trout  (Phillips  et  al.,  1948).  He  noted 
that  blood  glucose  levels  of  trout  increased 
after  ingestion  of  glucose,  just  as  in  mam- 
mals. However,  the  curve  of  the  rise  and 
fall  of  the  blood  sugar  following  the  feed- 
ing of  glucose  closely  resembled  the  curves 
found  in  studies  of  the  diabetic  man.  He 
further  noted  that  insulin  injections 
quickly  lowered  the  blood  sugar  after  it 
had  teen  raised  by  glucose  feeding.    Phil- 
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lips  concluded  that  trout  are  unable  to  use 
urine  \&  a  means  of  eliminating 

over,  ed   glucose   when   he 

could  find  no  evidence  of  carbohydrate 
etion.  Feeding  carbohydrates  over 
long  periods  was  shown  to  cause  pathologi- 
jtorage  of  glycogen  and  was  strongly 
<  01  related  with  increased  mortality.  On 
the  basis  of  this  work,  Phillips  suggested 
that  the  diet  of  trout  should  consist  of  no 
more  than  9  percent  digestible  carbohy- 
drate or  that  the  fish  should  not  be  fed 
more  than  4.5  grams  of  carbohydrate  per 
kilogram  of  body  weight  per  day. 

From  these  experimental  results  it  seems 
that  fish  lack  the  metabolic  machinery  to 
handle  high  levels  of  carbohydrate,  and 
that  this  deficiency  is  probably  due  to  re- 
duced insulin  supply  resulting  from  a  lack 
of  "Islets  of  Langerhans"  tissues;  how- 
ever, Strand  (1958)  suggested  that  path- 
ological storage  of  glycogen  could  be 
prevented  in  salmon  and  brook  trout  by 
adding  epinephrine  to  the  diet.  Epine- 
phrine, or  adrenalin,  accelerates  the  con- 
version of  glycogen  to  hexose  phosphates 
by  promoting  the  conversion  of  inactive 
phosphorylase  to  the  active  enzyme 
(Fruton  and  Simmonds,  1958).  Ap- 
parently the  inability  of  fish  to  utilize  car- 
bohydrates arises  not  only  from  a  short- 
age of  insulin,  but  also  from  the  lack  of 
a  mechanism  to  mobilize  carbohydrate 
reserves. 

In  mammals,  most  of  the  energy  for 
metabolism  is  derived  from  the  oxidation 
of  glucose  to  carbon  dioxide  and  water; 
but  in  fish  this  energy-producing  mech- 
anism is  seriously  impeded  by  an  inability 
to  metabolize  glucose.  Thus,  the  fish  must 
depend  on  either  fat  or  protein  as  a  source 
of  energy ;  however,  oxidation  of  fats  re- 
quires the  proper  functioning  of  the  citric 
acid  cycle.  From  the  discussion  by  Hau- 
rowitz  (1955)  it  is  evident  that  mainte- 
nance of  the  citric  acid  cycle  is  dependent 
on  carbohydrate  metabolism,  since  efficient 


regeneration  of  oxalacetic  acid  in  the  cycle 
is  dependent  on  the  degradation  of  glu- 
cose. Further  evidence  of  the  dependency 
of  proper  fat  metabolism  on  normal  car- 
bohydrate metabolism  is  shown  by  the  ap- 
pearance of  symptoms  of  incomplete  fat 
oxidation  (ketosis)  in  diabetes  (White  et 
al.,  1954). 

From  the  foregoing  discussion  it  seems 
likely  that  metabolism  of  fats  is  dependent 
on  the  metabolism  of  carbohydrates,  and 
since  carbohydrate  metabolism  in  fish  is 
inefficient,  normal  utilization  of  fats  or 
the  ability  to  handle  high  levels  of  dietary 
fat  is  also  reduced.  Evidence  in  support 
of  this  premise  has  been  reported  by  Phil- 
lips and  Podoliak  (1957).  Their  experi- 
ments show  that  high  dietary  levels  of  soft 
fat  produce  edema  in  trout,  and  that  high- 
fat  diets  may  also  cause  fatty  infiltration 
of  the  liver.  Excessive  mortalities  oc- 
curred among  trout  with  extreme  fatty 
infiltration  of  the  liver. 

Since  carbohydrate  and  fat  metabolism 
are  seemingly  inefficient  in  the  fish,  the 
only  other  source  of  large  amounts  of 
energy  is  protein.  This  need  for  protein 
as  a  source  of  energy  is  reflected  in  the 
high  levels  of  protein  in  the  diet  of  hatch- 
ery trout.  The  generally  accepted  level  of 
protein  in  trout  diets  is  28  percent,  De- 
Long  et  al.  (1958)  have  reported  that  pro- 
tein levels  in  the  diet  of  salmonids  should 
be  in  the  neighborhood  of  47  percent. 
These  values  are  extremely  high  when 
compared  with  levels  in  the  diets  of  other 
animals.  Recent  work  by  Phillips  et  al. 
(1957)  suggests  that  this  high  level  of 
protein  can  be  reduced  by  proper  atten- 
tion to  calorie  balance  in  the  diet. 

From  available  information,  it  appears 
that  fish  must  utilize  a  higher  proportion 
of  protein  for  energy  than  must  other 
animals.  This  is  probably  of  little  con- 
sequence in  the  normal  metabolism  of  the 
fish  or  during  a  period  when  there  is 
energy  expenditure  only  for  maintenance, 
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some  growth,  osmoregulation,  et  cetera. 
However,  this  need  could  have  a  profound 
effect  on  the  metabolism  of  the  fish  during 
periods  when  a  great  deal  of  energy  is 
required  for  synthesis  or  by  an  increased 
metabolic  rate.  Such  needs  would  occur 
during  formation  of  sex  products,  during  a 
period  of  abnormally  high  water  tempera- 
tures, or  as  a  result  of  an  elevated  meta- 
bolic rate  such  as  would  be  brought  about 
by  increased  thyroid  activity.  In  periods 
of  abnormally  high  energy  requirements, 
it  is  even  conceivable  that  energy  intake 
would  not  be  high  enough  to  meet  the  de- 
mands and  actual  tissue  catabolism  would 
take  place. 

Results  of  blood  glucose  determination 
are  given  in  table  1  and  are  shown  in 
figure  12.  Except  for  one  erratic  value 
the  blood  glucose  level  increased  through- 
out the  experimental  period  until  October 
7  and  decreased  slightly  between  October 
7  and  November  18.  Beginning  at  58 
mg%  on  June  24,  the  blood  glucose  con- 
centration rose  to  63  mg%  on  July  24. 
A  rather  erratic  increase  to  90  mg%  from 
June  24  and  August  2  was  followed  by  a 
similar  decrease  to  68  mg%  on  August  18. 
From  this  point,  blood  glucose  levels  in- 
creased to  100  mg%  on  October  7.  The 
level  decreased  slightly  to  88  mg%  at  the 
end  of  the  experimental  period. 

The  increase  in  levels  of  blood  glucose 
during  the  experimental  period  can  pos- 
sibly be  explained  by  a  decrease  in  rate  of 
insulin  production.  This  would  mean  that 
from  June  24  to  July  24  an  abnormally 
high  level  of  insulin  was  promoting  a  very 
rapid  utilization  of  blood  glucose,  thereby 
keeping  the  glucose  levels  low.  Fruton 
and  Simmonds  (1958)  have  suggested 
that  thyroxine  may  stimulate  insulin  pro- 
duction. High  levels  of  thyroxine  as  a 
result  of  hyperthymic!  activity  have  al- 
ready been  proposed  as  a  possible  cause 
for  the  low  levels  of  serum  cholesterol 
noted  during  this  period.     Assuming  this 
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Figure  12. — Glucose  concentrations  in  the  blood 
of  smallmouth  bass,  determined  periodically 
from  June  24  to  November  18,  1958. 


general  hypothesis  to  be  correct,  a  gradual 
decline  in  thyroid  activity  after  July  24 
with  its  attendant  decline  in  the  stimula- 
tion of  insulin  production,  would  result  in 
a  rise  in  blood  sugar;  however,  this  does 
not  explain  the  rapid  increase  from  63 
mg%  to  90  mg%  and  the  decrease  to  68 
mg%  between  July  24  and  August  18. 

Another  possible  explanation  for  the 
changes  in  blood  glucose  levels  in  the  bass 
could  have  been  a  decrease  in  the  effect  i  ve- 
ness  of  insulin  during  this  period.  In 
mammals,  the  adrenal  corticoids  (the  in 
terrenal  corticoids  in  fish)  have  been 
shown  to  be  antagonistic  to  insulin  (Long 
et  al.,  1940;  Fruton  and  Simmonds,  1958). 
This  effect  is  apparently  accomplished  by 
producing  a  hyperglycemia  by  gluconeo- 
genesis  without  affecting  the  insulin  sup- 
ply directly.  This  increase  in  glucose  is 
accompanied  by  an  increase  in  nitrogen 
excreted,  suggesting  that  the  glucose  in- 
crease is  at  the  expense  of  protein.  This 
proposal  probably  explains  less  of  the  ob- 
served facts  in  the  blood  glucose  pattern 
than   the   hypert  hyroid   hypothesis,  but    it 

does  possibly  explain  one  perplexing  bit 

of   information— the   erratic    behavior   of 
the   glucose   curve    between    July    24    and 
August     IS     (fig.     12).      The    studies    of 
Brodish  and  LoiiLr  |  L956)  support  the  hy- 
pothesis that  adrenal  cortical  trophic  hor- 


26 

mone  (ACTH)  is  released  by  a  biphasic 
mechanism— a  rapid  release  of  the  hor- 
mone under  neural  control  followed  by 
a  prolonged  release  phase  indicative  of 
humoral  regulation.  If  this  study  could 
be  applied  to  fish,  a  biphasic  release  of  the 
trophic  hormone  by  the  pituitary,  bring- 
ing about  a  biphasic  production  of  the  in- 
terrenal  corticoids,  would  possibly  explain 
the  biphasic  increase  in  blood  glucose. 
According  to  this  proposal,  the  sharp  rise 
and  fall  of  the  glucose  curve  from  July  24 
to  August  18  was  a  result  of  gluconeo- 
genesis  caused  by  the  first  phase  of  the 
biphasic  release  of  the  interrenal  corti- 
coids. The  more  gradual  rise  of  the  glu- 
cose curve  from  August  18  to  October  7 
would  correspond  with  the  second  phase 
of  interrenal  corticoid  release. 


BLOOD  IRON 

Iron  exists  in  the  body  chiefly  in  the 
heme  portion  of  the  hemoglobin  of  the  red 
blood  cells.  It  is  also  found  in  plasma  in 
combination  with  serum  globulin  and  is  an 
indispensable  constituent  of  various  oxi- 
dation-reduction enzymes. 


Results  of  iron  determinations  on  the 
blood  of  the  smallmouth  bass  are  given  in 
table  1.  These  values  demonstrate  a  con- 
siderable amount  of  variation  in  blood 
iron  during  the  experimental  period,  and 
since  most  of  the  iron  in  blood  is  present  in 
hemoglobin,  it  is  apparent  that  hemoglo- 
bin concentrations  varied  considerably. 
Comparatively  speaking,  the  blood  of  the 
smallmouth  bass  has  a  rather  low  iron  con- 
tent. Hall  et  al.  (1926)  reported  an  av- 
erage value  of  32.9  mg%  blood  iron  in  the 
menhaden.  Field  et  al.  (1943)  reported 
an  average  value  of  31.5  mg%  blood  iron 
(recalculated  from  percent  hemoglobin) 
in  the  carp  and  an  average  of  25.5  mg%  in 
the  brown  trout.  Phillips  et  al.  (1956) 
reported  an  average  of  29.4  mg%  blood 
iron  in  the  brown  trout.  In  the  small 
mouth  bass,  blood  iron  values  ranged  from 
12  mg%  to  20  mg%,  with  little  evidence 
of  any  systematic  variation. 

There  is  little  similarity  between  the 
changes  noted  in  blood  iron  and  in  any  of 
the  other  components  of  the  blood  or  se- 
rum of  the  smallmouth  bass.  Apparently, 
the  metabolism  of  hemoglobin  and  iron  is 
not  subject  to  the  same  cyclic  pattern  of 
variation  noted  in  the  other  components. 


METABOLISM  IN  SMALLMOUTH  BASS 


Throughout  the  separate  discussions  in 
previous  sections,  possible  explanations  for 
experimental  results  obtained  in  this  study 
have  been  proposed,  but  no  attempt  has 
been  made  to  integrate  these  proposals. 
In  this  discussion,  an  attempt  will  be  made 
to  collect  the  proposed  explanations  into 
a  metabolic  picture. 

In  attempting  to  integrate  the  several 
discussions,  the  experimental  results  will 
be  considered  by  periods. 


PERIOD   1— JUNE  24  TO 
AUGUST  18 

In  the  separate  discussions,  the  follow- 
ing proposals  have  been  made  to  explain 
the  observed  changes  between  June  24  and 
August  18 : 

1.  Gradual  decrease  in  serum  total  pro- 
tein and  serum  globulin— caused  by  an  in- 
crease in  the  catabolic  rate  of  metabolism 
coupled  with  a  decrease  in  the  anabolic 
rate. 
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2.  Increased  levels  of  nonprotein  nitro- 
gen— resulted  from  an  increase  in  protein 
batabolism. 

3.  Blood  creatinine  increase — muscle- 
tissue  catabolism. 

4.  Lower  levels  of  lipid  phosphorus, 
especially  between  July  24  and  August  2 — 
decrease  in  anabolic  rate. 

5.  Increase  in  serum  sodium  and  potas- 
sium levels — increase  in  tissue  catabolism 
or  osmotic  adjustment  to  compensate  for 
loss  of  serum  proteins. 

6.  Low  serum  cholesterol  levels — hyper- 
thyroidism or  interference  with  globulin 
metabolism. 

7.  Relatively  low  glucose  levels — high 
insulin  level  caused  by  hyperthyroidism. 

It  has  been  suggested  in  five  of  these 
seven  components  that  a  decrease  in  syn- 
thesis or  anabolism  coupled  with  an  in- 
crease in  destruction  or  catabolism  would 
explain  the  data  obtained  in  these  experi- 
ments. Hyperthyroidism  has  been  sug- 
gested as  the  cause  of  the  observed  results 
in  the  two  other  cases.  The  suggestion 
that  synthesis  would  be  reduced  during 
this  period  and  degradation  increased 
seems  unrealistic.  During  this  period,  wa- 
ter temperatures  are  usually  nearing  their 
summer  peak  and  food  should  be  readily 
available.  It  is  difficult  to  understand  how 
there  could  be  a  shortage  of  anything 
needed  by  the  metabolic  machinery  of  the 
smallmouth  bass,  at  least  not  enough  of  a 
shortage  to  promote  tissue  catabolism. 

A  reduced  energy  supply  as  a  result  of 
hyperthyroid  function  could  explain  all 
of  the  observed  changes  described.  Thy- 
roxine, the  hormone  produced  by  the  thy- 
roid gland,  uncouples  oxidative  phos- 
phorylation from  cellular  respiration  or 
electron  transport  thereby  speeding  up  the 
rate  at  which  oxidation  takes  place,  but 
producing  less  energy  in  the  form  of  ATP 
in  the  process  (Maley  and  Lardy,  1955). 
Several  studies  on  the  thyroid  of  fish 
have  demonstrated  cyclic  changes  in  the 


functioning  of  that  gland,  and  several  in- 
vestigators have  presented  histological 
evidence  of  an  increase  in  the  spring  of  the 
year  (Brown,  1957).  Barrington  and 
Matty  (1954)  found  maximum  thyroid  ac- 
tivity in  the  minnow,  Phoxinus.  between 
February  and  May.  Swift  (1955)  demon- 
strated that  thyroid  activity  in  the  brown 
trout  reached  a  peak  in  early  July,  and 
he  also  noted  a  decreased  rate  of  growth 
during  this  period. 

Peters  and  Van  Slyke  (1946)  have  fur- 
ther suggested  that  thyroxine  causes  no 
actual  destruction  of  protein,  but  merely 
increases  demands  of  the  body  for  fuel. 
That  fish  apparently  must  normally  utilize 
some  protein  for  energy  has  previously 
been  discussed,  so,  in  hyperthyroidism,  the 
fish  would  be  faced  with  an  increased  de- 
mand for  fuel  and  little  other  than  protein 
to  satisfy  this  demand.  It  is  conceivable 
that  the  demand  for  protein  to  be  used  for 
energy  could  become  great  enough  to  bring 
about  some  tissue  catabolism.  An  increase 
in  tissue  catabolism  and  an  attendant  in- 
crease in  blood  nonprotein  nitrogen  as  a 
result  of  high  thyroxine  levels  have  been 
discussed  by  Peters  and  Van  Slyke  (1946) . 

In  summary,  a  proposed  integrated  pic- 
ture of  metabolism  for  period  1  (from 
June  24  to  August  18)  would  be  as 
follows : 

Increasing  thyroxine  levels  caused  by 
hyperthyroid  function  in  the  smallmouth 
bass  increased  the  metabolic  rate  and  at 
the  same  time  reduced  the  amount  of  en- 
ergy produced.  With  less  energy  avail- 
able, the  synthesis  of  serum  proteins  was 
reduced,  causing  a  decrease  in  their,  net 
concentration.  As  a  result  of  the  increase 
in  metabolic  rate,  more  energy  was  also  re- 
quired. The  fish  could  not  efficiently  uti- 
lize carbohydrate  or  fat  to  provide  this  en- 
ergy, so  the  tissue  proteins  were  called  on 
to  provide  amino  acids  for  energy  produc- 
tion. As  a  result  of  this  increase  in  tissue 
catabolism,  nonprotein  nitrogen  and  erea 
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tinine  levels  in  the  blood  increased.  Lipid 
phosphorus,  requiring  less  energy  for  syn- 
thesis, was  not  greatly  affected  during  the 
early  part  of  this  period.  With  the  loss  of 
the  osmotic  effect  of  serum  protein,  some 
homeostatic  device  in  the  fish  initiated  an 
increase  in  serum  sodium  and  potassium 
levels  to  maintain  the  number  of  osmoti- 
cally  active  particles  available  in  the 
plasma.  Hypocholesterolemia,  caused  by 
hyperthyroidism  was  evident  throughout 
this  period,  and  an  increase  in  insulin  pro- 
duction brought  about  by  high  levels  of 
blood  thyroxine  kept  blood  glucose  levels 
low. 

As  the  levels  of  circulating  thyroxine 
increased  toward  the  latter  part  of  period 
1,  reducing  even  more  the  energy  supply 
available  for  metabolism,  the  trends  just 
noted  would  continue,  but  lipid  phos- 
phorus levels  would  also  begin  to  show  the 
effect  of  increased  '  hyperthyroidism, 
finally  falling  rapidly  between  August  2 
and  August  18.  Cholesterol  levels,  which 
have  been  low  throughout  the  period, 
would  go  even  lowTer  as  hyperthyroidism 
increased.  The  blood  glucose  concentra- 
tion increased  sharply  from  July  24  to 
August  2  only  to  return  to  about  the  July 
24  level  on  August  18,  probably  as  a  result 
of  the  first  stage  in  the  biphasic  release  of 
corticoid  hormones,  proposed  in  the  dis- 
cussion of  blood  glucose.  Sometime  be- 
tween July  24  and  August  2,  the  increase 
in  thyroid  function  began  to  abate.  The 
levels  of  thyroxine  were  still  high,  but  the 
rate  of  increase  was  not  so  great.  By 
August  18,  thyroxine  levels  had  reached 
their  highest  point  as  was  evidenced  by 
the  increase  in  serum  protein  after  this 
time. 

PERIOD  2— AUGUST   18  TO 
OCTOBER  7 

Concentrations  of  serum  components  be- 
t  ween  August  18  and  October  7  simply  re- 
flected a  return  to  a  pattern  of  metabolism 


characterized  by  a  lower  metabolic  rate. 
Thyroxine  levels  were  decreasing  during 
this  period  and  energy  for  synthesis  was 
becoming  readily  available.  Tissue  catab- 
olism  was  no  longer  needed  to  supply 
amino  acids  for  energy  production.  As 
the  protein  in  the  plasma  increased,  the 
number  of  other  active  osmotic  particles 
needed  was  reduced,  so  that  sodium  and 
potassium  levels  were  lowered.  Choles- 
terol levels  freed  from  the  influence  of  hy- 
perthyroidism were  beginning  to  rise,  and 
glucose  levels  increased  rapidly,  probably 
because  of  the  second  stage  in  the  biphasic 
release  of  gluconeogenic  corticoid  hor- 
mones. 

PERIOD  3— OCTOBER  7  TO 
NOVEMBER  18 

The  period  was  characterized  by  a  rapid 
increase  in  nonprotein  nitrogen  and  creat- 
inine and  a  moderate  increase  in  serum 
lipid  phosphorus  and  serum  protein. 
These  results  would  seem  to  be  in  complete 
disagreement  with  the  explanation  of  the 
increase  in  nonprotein  nitrogen,  which  ac- 
companied the  decrease  in  serum  total  pro- 
tein during  period  1. 

To  explain  the  contrasting  experimental 
results  shown  in  the  two  periods,  it  is 
necessary  to  compare  the  conditions  pre- 
vailing in  both  periods  1  and  3.  In  period 
1  (June  24  to  August  18) ,  food  was  readily 
available  from  which  metabolism  should 
have  been  able  to  produce  a  favorable 
energy  balance,  but  due  to  the  hyperthy- 
roid  condition,  available  food  was  utilized 
inefficiently,  resulting  in  a  negative  energy 
balance  and  causing  an  increase  in  pro- 
tein catabolism  to  meet  energy  needs. 
This  increase  in  catabolism  brought  about 
an  increase  in  serum  nonprotein  nitrogen 
and  blood  creatinine  levels. 

During  period  3  (October  7  to  Novem- 
ber 18),  conditions  were  somewhat  differ- 
ent. By  October  7,  most  of  the  fish  were 
in  the  quiescent  state,  a  physiological  state 
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characterized  by  lack  of  activity  and  a 
state  in  which  the  fish  feed  very  little,  if 
at  all.  Also  there  is  evidence  that  the  thy- 
roid of  fish  is  less  responsive  to  the  pi- 
tuitary hormone,  thyrotropin,  at  low  tem- 
peratures (Pickford  and  Atz,  1957) .  This 
would  suggest  that  the  metabolic  rate 
would  also  be  reduced  somewhat.  Peters 
and  Van  Slyke  (1946)  described  elevated 
blood  nonprotein  nitrogen  levels  accom- 
panied by  gradually  falling  urinary  nitro- 
gen levels  during  fasting,  which  they 
suggested  may  be  a  result  of  accelerated 
nitrogen  catabolism,  decreased  excretion, 
or  both.  Fasting  accompanied  by  rising 
nonprotein  nitrogen  levels  and  low  nitro- 
gen excretion  could  explain  the  observed 
data  here,  but  it  is  difficult  to  explain  how 
serum  protein  synthesis  could  be  progress- 
ing during  this  period  of  starvation. 

The  picture  presented  by  nonprotein 
nitrogen  and  serum  protein  increase  in  the 
blood  of  bass  in  period  3  leads  to  interest- 
ing speculation.  This  rapid  rate  of  serum 
protein  synthesis  during  a  period  when 
there  was  no  food  intake  suggests  that  the 
amino  acids  being  used  in  that  synthesis 
were  being  transported  from  some  other 
tissue  to  the  liver  where  the  serum  proteins 
were  produced.  This,  then,  would  be  se- 
lective catabolism  of  body  protein  accom- 
panying selective  anabolism,  and  the  high 
levels  of  nonprotein  nitrogen  noted  sim- 
ply reflected  a  higher  rate  of  amino  acid 
transport  for  the  synthesis  of  serum  pro- 
teins. 

ROLE  OF  CYCLIC   HORMONAL 

RELATIONSHIPS  IN   BLOOD 

COMPOSITION  CHANGES 

In  the  reconstruction  of  the  metabolism 
proposed  in  the  previous  discussions  to 
Recount  for  changes  in  the  blood  composi- 
tion of  the  smallmouth  bass  from  June  24 
to  November  18,  1958,  three  general  pe- 


riods of  different  metabolic  activity  have 
been  proposed  as  causing  those  changes: 

(1)  Period  1  (June  24  to  August  18) 
was  characterized  by  a  reduced  anabolic 
rate,  an  increased  catabolic  rate,  and  an 
increase  in  the  overall  metabolic  rate.  It 
was  suggested  that  a  hyperthyroid  state 
was  responsible  for  these  conditions. 

(2)  A  metabolic  pattern  in  period  -2 
(August  18  to  October  7)  suggestive  of  a 
relatively  lower  metabolic  rate  was  evi- 
dent. During  this  time  catabolism  de- 
creased and  anabolism  increased. 

(3)  The  proposed  characterization  of 
metabolism  in  period  3  (October  7  to  No- 
vember 18)  was  one  of  selective  catabolism 
and  anabolism,  a  general  lowering  of  the 
metabolic  rate,  and  decreased  excretion — 
induced  by  the  quiescent  state  and  the 
fasting  condition  associated  with  it. 

In  the  following  discussion  an  attempt 
will  be  made  to  relate  the  proposed  changes 
in  catabolic-anabolic  balance  and  thyroid 
function  to  possible  cyclic  hormonal  re- 
lationships. 

Several  types  of  cyclic  physiological  be- 
havior have  been  noted  in  fish  (Brown, 
1957 :  chapters  VI,  VII,  and  IX) .  Among 
these  types  are  sex  cycles,  cyclic  growth  - 
rate  changes,  periods  of  relative  inactivity 
followed  by  periods  of  great  activity,  and 
cycles  in  feeding. 

Environmental  change  has  been  the 
cause  commonly  suggested  to  explain  met- 
abolic cycles  in  fish,  such  as  growth,  ac- 
tivity, and  feeding.  In  general,  the  me- 
tabolism of  the  fish  is  thought  to  be 
controlled  by  the  environment.  Thus,  in 
cold  water  fish  eat  little  and  grow  little. 
In  extremely  warm  water  they  become 
listless  and  inactive.  Increases  in  water 
temperature,  especially  from  an  extremely 
low  to  a  more  moderate  level,  caused 
increased  feeding  activity.  Certainly, 
changes  in  environment  do  affect  the  fish 
in  a  v^vy  real  manner,  but  apparently  en- 
vironment is  not  solely  concerned.    Brown 
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( 1946)  has  shown  that  even  under  constant 
environmental  conditions  cyclic  metabolic 
changes  take  place.  In  her  study,  2-year- 
old  brown  trout  were  kept  at  11.5°  C. 
under  12  hours  of  artificial  lighting  a  day, 
provided  with  a  constant  rate  of  water 
flow,  and  were  allowed  to  eat  all  they 
would  consume  two  times  a  day.  She 
noted  significant  cyclic  changes  in  growth 
rate  of  the  trout  several  times  during  the 
experimental  period  of  more  than  a  year, 
and  that  they  became  sexually  mature  un- 
der these  conditions.  This  information 
suggests  metabolic  cycles  in  fish  that  are 
active,  even  under  constant  environmental 
conditions,  or  that  environment  is  not  the 
sole  cause  of  changes  in  growth  rate,  feed- 
ing response,  and  activity. 

Experiments  carried  out  by  Ekberg 
(1957)  also  suggest  physiological  cycles 
in  fish  that  act  independently  of  environ- 
ment. He  studied  respiration  in  the  tis- 
sues of  goldfish  that  had  been  adapted  to 
warm  and  cold  temperatures.  In  these 
studies,  Ekberg  noted  that  oxygen  con- 
sumption by  gill  tissues  was  greater  dur- 
ing the  summer  months  than  during  the 
winter  months,  and  that  this  relation  was 
not  affected  by  adaptation  to  warm  or  cold 
temperatures.  Apparently,  tissue  respira- 
tion was  affected  more  by  the  time  of  year 
than  by  changes  in  the  environment. 

In  mammals  the  hormones  are  largely 
responsible  for  maintaining  metabolism  at 
a  constant  rate,  for  making  the  adjust- 
ments in  absorption,  anabolism,  catab- 
olism,  excretion,  et  cetera,  so  that  overall 
metabolism  changes  very  little.  Appar- 
ently, interrelationships  among  the  hor- 
mones are  responsible  for  this.  For  ex- 
ample, an  increase  in  thyroxine  in  the 
blood  speeds  up  the  secretion  of  ACTH 
and  the  cortical  steroids  that  tend  to  sup- 
press thyroxine  production.  In  turn,  in- 
creasing levels  of  cortical  steroids  in  the 
blood  reduce  the  production  of  ACTH  and 
the  cortical  steroids.    In  homotherms.  the 


hormonal  interrelationships  are  so  closely  i 
associated  with  the  nervous  system  that' 
metabolism  is  finely  balanced.  The  bal- 
ance is  such  that  a  slight  deviation  in 
homeostatic  function  is  immediately  noted1 
or  evokes  a  response  in  an  automatic  cor- 
rective measure  that  is  just  sufficient  in  in- 
tensity to  make  the  necessary  adjustment.  I 
These  same  relationships  probably  exist  in  I 
fish  but  have  not  reached  as  fine  a  balance, 
so  that  instead  of  a  series  of  integrated 
checks  and  balances  on  metabolism  such  as 
those  in  the  mammal  the  metabolism  of 
the  fish  is  controlled  by  a  rather  loosely 
integrated  series  of  hormonal  and  neural 
relationships.  With  this  type  of  control, 
hypo-  or  hyper-metabolic  function  would 
elicit  a  response  by  a  corrective  mecha- 
nism, but  due  to  the  lack  of  a  sensitive  reg- 
ulating device,  the  corrective  mechanism 
would  over-correct.  In  this  manner,  hy- 
pothyroidism brought  about  by  excess  cor- 
tical steroid  production  would  be  followed 
by  hyperthyroidism  when  the  corrective 
relationship  responded  to  subnormal  thy- 
roid function.  This  type  of  "teeter 
board"  metabolism  would  be  cyclic  with 
respect  to  time. 

The  results  of  the  determinations  on  the 
blood  and  serum  of  the  smallmouth  bass 
are  characterized  by  systematic  variation, 
a  variation  in  which  there  is  a  trend.  Such 
variations  are  apparent  in  14  of  the  16 
components  studied  (see  table  1).  Pos- 
sibly even  more  striking  than  the  system- 
atic variation  noted  has  been  the  tendency 
for  trends  to  reverse  themselves.  For  ex- 
ample, the  total  serum  protein  levels  de- 
creased steadily  for  8  weeks,  then  in- 
creased steadily  for  12  weeks  (fig.  2). 
These  data  also  show  an  apparent  relation 
among  many  of  the  components.  Within 
the  period  August  2  to  August  18,  maxi- 
mum or  minimum  values  for  12  of  the  16 
components  were  recorded  (figs.  2  to  12). 
The  systematic  variation,  reversal  of 
trends,  and  the  tendency  for  these  revers- 
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als  to  occur  at  about  the  same  time  in  sev- 
eral components  of  the  serum  suggest  that 
these  changes  are  metabolic  responses  to 
a  single  physiological  cause,  and  that  this 
mechanism  is  actually  responsible  for  the 
cyclic  nature  of  the  observations. 

A  hyperthyroid  state  was  proposed  and 
treated  in  detail  in  the  section  on  Metab- 
olism, page  27.  Evidence  in  favor  of  in- 
creased thyroxine  levels  in  the  early  part 
of  the  experimental  period  has  been  con- 
clusive enough  to  warrant  support  of  that 
idea.  ]STo  attempt  has  been  made  to  sug- 
gest the  cause  of  this  increase  from  June 
24  to  August  18  nor  of  its  decrease  after 
August  18. 

Evidence  has  been  previously  presented 
that  thyroid  activity  in  fish  increases  in 
the  spring  of  the  year,  and  that  this  peak 
of  activity  lasts  for  only  a  few  weeks 
(Swift,  1955;  Barrington  and  Matty, 
1954).  Such  cyclic  activity  almost  cer- 
tainly results  from  endocrine  activity  pro- 
duced by  the  antagonistic  effect  of  one 
hormone  on  another. 

According  to  White  et  al.  (1954),  a 
number  of  gonadal  steroids  have  been 
shown  to  affect  the  uptake  of  radioiodine, 
I131,  by  the  thyroid  of  the  rat.  Pickford 
and  Atz  (1957)  reported  the  thyroid 
shows  a  lessening  of  activity  during 
spawning.  A  period  of  decreased  thyroid 
activity  during  spawning  has  been  ob- 
served by  Lieber  (1936)  in  Misgurnis 
tpssilis,  a  hibernating  fish.  Further  evi- 
dence of  the  effect  of  spawning  and  sex 
hormones  on  the  thyroid  is  presented  by 
Hoar  (1952),  who  noted  that  the  mass 
mortality  of  the  landlocked  alewife  fol- 
lowing spawning  may  result  from  an  ex- 
hausted thyroid.  Summarizing  extensive 
research  on  the  effect  of  reproduction  on 
thyroid  activity,  Hoar  suggested  that 
thyroid  function  during  spawning  may 
either  be  increased  or  diminished,  depend- 
ing on  the  life  history  and  habits  of  the 
species   (Brown,  1957). 


The  first  blood  sample  in  this  study  was 
taken  on  June  24.  The  time  of  the  first 
sampling  corresponded  to  the  end  of  the 
spawning  period  of  smallmouth  bass  in 
Fall  Creek.  At  that  time  many  aban- 
doned nests  were  noted,  and  only  a  very 
few  nests  were  still  being  guarded  by  the 
males. 

It  seems  quite  possible,  then,  that  thy- 
roid activity  in  the  bass  could  be  reduced 
during  and  immediately  following  the 
spawning  period  by  the  gonadal  steroids 
acting  as  antithyroid  compounds  on  the 
thyroid.  Such  a  situation  would  reduce 
the  amount  of  circulating  thyroxine. 
Pickford  and  Atz  (1957)  have  noted  that 
the  pituitary  responds  to  low  thyroxine 
levels  by  secreting  additional  amounts  of 
thyrotropin,  the  thyroid  activator  hor- 
mone. Increased  levels  of  thyrotropin 
would  then  lead  to  thyroid  stimulation  in 
the  form  of  hypertrophy,  hyperemia,  and 
hyperplasia.  All  of  these  are  conditions 
of  hyperactivity  in  the  thyroid;  however, 
the  synthesis  of  active  thyroxine  would' 
still  be  inhibited  by  the  sex  steroids.  Once 
spawning  is  completed  and  the  level  of  cir- 
culating steroids  has  fallen  (Pickford  and 
Atz,  1957) ,  the  synthetic  mechanism  would 
be  reconnected  in  the  histologically  hyper- 
active gland,  resulting  in  hyperthyroid- 
ism. The  resulting  hyperthyroidism  and 
its  attendant  reduction  in  energy  produc- 
tion then  could  bring  about  the  decreased 
anabolism  and  increased  catabolism  that 
have  been  proposed  as  causing  a  lowering 
of  serum  protein  and  lipid  phosphorus 
levels,  hypocholesterolemia,  hypoglycemia, 
and  as  increasing  the  levels  of  sodium  and 
potassium  and  nonprotein  nitrogen  in 
smallmouth  bass  between  June  24  and 
August  18  of  the  experimental  period. 

No  mention  has  been  made  thus  far  of 
possible  causes  for  correction  of  the  pro- 
posed hyperthyroid  condition;  however, 
the  antagonistic  effect  of  one  hormone  on 
another  or  hormonal  relationships  similar 
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to  those  suggested  as  being  responsible  for 
the  condition,  were  probably  responsible 
for  its  correction.  Pickford  and  Atz 
(  1957),  summarizing  the  work  of  several 
investigators,  stated  that  the  circulating 
level  of  thyroxine  undoubtedly  influences 
thyrotropin  release  by  the  pituitary.  They 
further  noted  that  treatment  with  thy- 
roxine or  thyroid  preparation  causes  a  de- 
crease in  thyroid  function  as  reflected  in 
the  histological  picture.  With  this  evi- 
dence in  mind,  it  seems  probable  that 
thyroxine  synthesis  has  been  inhibited 
here  by  increased  thyroxine  levels  or  that 
an  increase  in  thyroxine  resulted  in  a  de- 
crease in  the  release  of  thyrotropin,  the 
precursor  pituitary  hormone.  Because  of 
a  lack  of  thyrotropin  to  stimulate  the  syn- 
thetic and  release  activities  of  the  thyroid, 
once  the  circulating  thyroxine  molecules 
were  catabolized,  there  were  few  to  replace 
them.  With  this  reduced  replacement 
rate,  the  high  serum  thyroxine  levels  be- 
,gan  to  fall  in  the  bass  between  August  2 
and  August  18. 

There  is  also  a  possibility  that  still 
another  mechanism  was  brought  into  play 
to  correct  the  hyperthyroid  condition. 
Pickford  and  Atz  (1957)  state  that  ad- 
ministration of  cortical  hormones  (these 
hormones  are  produced  by  the  interrenal 
tissue  in  fish)  causes  an  inhibition  of  thy- 
roid function  in  the  intact  animal.  White 
et  al.  (1954)  also  suggest  that  a  high  level 
of  cortical  steroids  may  have  an  inhibiting 
influence  on  thyroid  function.  Then,  in 
addition  to  high  levels  of  thyroxine  being 
inhibitory  in  nature  to  thyroxine  synthesis 
and  release,  an  increase  in  blood  levels  of 
the  cortical  steroid  hormones  would  brine: 
about  the  same  result — that  of  lowering 
thyroxine  levels.  This  is  even  more  plau- 
sible in  the  light  of  reports  by  Pickford 
and  Atz  (1957)  and  White  et  al.  (1954) 
that  administration  of  thyroxine  will 
bring  about  an  increase  in  production  and 
release  of  the  pituitary  hormone,  adrenal 


cortical  trophic  hormone  (ACTH),  which1  ll! 
in  turn  promotes  an  increase  in  elabora-'  f 
tion  of  the  cortical  steroids. 

Further  evidence  that  cortical  steroids!  'lle 
may  have  played  a  part  in  correction  of \  11(' 
the  proposed  hyperthyroid  state  has  pre-j  ^ 
viously  been  presented  in  the  discussion  ^ 
of  blood  glucose.  It  was  suggested  there!  l0 
that  the  biphasic  increase  in  blood  glucose!  >811 
between  July  24  and  August  27  (fig.  12)  fi 
was  a  result  of  a  biphasic  release  of  corti-l  f 
cal  steroids,  as  proposed  by  Brodish  andi  'lfI 
Long  (1956).  IP 

From  the  evidence  presented,  it  is  sug-P 
gested  that  the  smallmouth  bass  has  a  two-  ] 
fold  corrective  mechanism  for  hyperthy 
roidism.  Hyperthyroidism  tends  to  be  % 
reduced  by  the  high  levels  of  thyroxine 
produced  by  the  condition  and  also  by  in- 
creased synthesis  of  cortical  steroids* 
which  was  triggered  by  the  same  high 
levels  of  thyroxine. 

Mention  should  be  made  here  of  the  pos- 
sible role  of  the  thyroid  in  the  quiescent 
state  of  the  bass.  Pickford  and  Atz 
(1957)  have  summarized  several  experi- 
ments by  Olivereau  (1954,  1955)  noting 
the  effect  of  low  temperature  on  thyroid 
function  in  trout.  In  Olivereau's  studies, 
low  temperature  enhanced  the  production 
of  thyrotropin  by  the  pituitary  in  the  same 
manner  in  trout  as  in  warm-blooded 
animals.  This  increased  production  of 
thyrotropin  in  turn  produced  the  histo- 
logical characteristics  of  hyperactivity  in 
the  thyroid;  however,  the  fixation  of 
radioiodine,  I131,  into  the  thyroxine  mole- 
cule was  retarded.  These  experiments, 
summarized  by  Pickford  and  Atz,  suggest 
that  low  temperatures  may  inhibit  the  syn- 
thesis of  thyroxine.  If  this  were  correct, 
the  bass  in  the  present  experiments  would 
be  expected  to  be  in  a  state  of  hypothy- 
roidism during  the  quiescent  period ;  and, 
in  fact,  hypothyroidism  could  be  the  cause 
of  the  onset  of  the  quiescent  state.  Hypo- 
thyroidism in  mammals  is  best  charac- f 
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jerized  by  the  word  "slow/'  In  hypo- 
hyroidism,  the  mammal  is  much  less 
ictive,  the  pulse  rate  is  low,  the  breathing 
ate  is  decreased,  and  excretion  is  re- 
arded.  These  are  also  the  characteristics 
)f  the  quiescent  smallmouth  bass. 

In  conclusion,  it  should  be  stated  that 
i  considerable  amount  of  work  needs  to  be 
lone  on  the  phases  of  metabolism  dis- 
cussed in  this  paper,  either  to  confirm  or 
reject  the  hypotheses  proposed.  If  fur- 
ther work  demonstrates  the  validity  of  the 
lypotheses  proposed  here,  and  if  these  hy- 
Dotheses  are  applicable  to  all  species  of 
ish,  then  future  fishery  research  must  take 
hese  proposals  into  account  when  design- 
ng  experiments  in  which  some  phase  of 
he  metabolism  of  the  fish  is  to  be  studied 
)r  is  to  be  used  to  evaluate  the  effects  of 
experimental  conditions.  The  results  of 
he  tests  on  the  blood  and  serum  of  the 
mallmouth  bass  suggest  that  this  fish,  as 
in  experimental   animal,   would   not  be 


comparable  in  any  two  given  periods  of 
time  within  a  year.  For  example,  the 
smallmouth  bass  would  not  be  expected 
to  react  in  a  similar  manner  to  the  same 
set  of  experimental  conditions  on  June  24 
and  August  18.  If  all  fish  have  these 
cyclic  metabolic  patterns,  then  in  an  ex- 
periment to  evaluate  the  growth  response 
to  a  new  diet,  a  low  rate  of  growth  would 
not  necessarily  mean  that  the  diet  is  de- 
ficient ;  instead,  a  low  rate  of  growth  could 
be  a  result  of  a  hyperthyroid  condition. 
The  response  of  fish  in  tests  to  determine 
vitamin  requirements  might  be  signifi- 
cantly different  in  two  periods  of  the  year 
even  under  identical,  controlled  experi- 
mental conditions.  These  different  re- 
sponses might  not  be  a  result  of  faulty  ex- 
perimental technique.  The  difficulty  in 
duplicating  the  data  in  the  two  trials 
might  also  be  the  result  of  different 
vitamin  requirements  in  different  phases 
of  the  cyclic  metabolic  patterns. 


SUMMARY 


The  concentrations  of  16  noncellular 
components  occurring  in  the  blood  and  se- 
•uni  of  smallmouth  bass  (Micropterus 
loloin'hu/)  were  measured,  including  pro- 
ems, nonprotein  nitrogen  fractions,  phos- 
)horus  fractions,  electrolytes,  and  choles- 
erol  in  the  serum  and  glucose,  creatinine, 
nd  iron  in  the  blood. 

Blood  samples  were  obtained  from  ap- 
>roxi mutely  350  fish  obtained  by  angling 
Vom  a  single  stream.    The  blood  was  re- 

oved  directly  from  the  heart  with  a 
yringe. 

Measurements  of  concentrations  of  the 
liferent    components   were   made   at   ap 
>roximately  3-week  intervals  from  June 
4  to  November  18,  L958,  by  colorimetric 
hemical  methods. 

Concentrations  of  13  of  the  16  compo- 
ents    displayed   systematic   rather  than 


random  variation  when  plotted  against 
time. 

Concentrations  of  globulin,  total  phos- 
phorus, and  lipid  phosphorus  in  serum  de- 
creased through  successive  samples  until 
August.  After  August  the  concentrations 
of  these  components  increased  in  succes- 
sive samples  through  the  end  of  the  ex- 
perimental period  in  Xovember.  Serum 
inorganic  phosphorus  concentrations  de- 
creased gradually  throughout  the  experi- 
mental period,  except  for  a  sharp  increase 
on  August  lcS.  Serum  albumin  concentra- 
tions remained  relatively  constant  until 
globulin  returned  to  its  initial  or  June  24 
value,  after  which  both  globulin  and  albu- 
min increased  in  samples  through  the  end 
of  the  experimental  period. 

Total  nonprotein  nitrogen  and  blood 
creatinine  curves  were  almost  exact  dnpli- 
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cates  with  respect  to  shape.  Concentra- 
tions of  both  fractions  increased  sharply 
then  fell  to  their  initial  values  by  August 
18.  Concentrations  of  both  components 
remained  relatively  constant  through  Sep- 
tember, then  increased  in  successive  sam- 
ples through  the  end  of  the  experimental 
period  in  November. 

Serum  sodium  and  potassium  levels 
tended  to  behave  in  an  opposite  manner  to 
levels  of  the  globulin  and  phosphorus 
fractions.  The  levels  of  these  cations  in- 
creased until  August  18  and  decreased 
afterward.  Serum  calcium  concentra- 
tions, however,  decreased  in  successive 
samples  through  August  27,  then  increased 
through  the  end  of  the  experimental 
period. 

Serum  cholesterol  levels  remained  con- 
stant in  samples  through  August  2, 
dropped  sharply  on  August  18,  then  in- 
creased to  roughly  two  times  the  initial 
value  by  the  end  of  the  experimental  pe- 
riod. Blood  glucose  concentrations,  in 
general,  increased  throughout  the  experi- 
mental period.  Serum  uric  acid,  serum 
chloride,  and  blood  iron  concentrations  be- 
haved in  somewhat  cyclic  manner,  but  not 
to  the  extent  of  the  components  previously 
discussed. 

Blood  samples  taken  on  August  18 
showed  highest  concentrations  reached  by 
uric  acid,  inorganic  phosphorus,  sodium, 


and  potassium,  and  lowest  concentration 
of  nonprotein  nitrogen,  creatinine,  tota 
protein,  globulin,  and  cholesterol. 

Available  data  suggest  that  changes  i 
the  anabolic-catabolic  balance  were  re 
sponsible  for  the  cyclic  concentrations  o 
the  various  components  and  that  the  mos| 
likely  explanation  of  these  changes  i 
in  the  changes  in  levels  of  circulatin 
thyroxine. 

Antagonistic  effects  of  the  sex  hormone i 
during  spawning  and  of  circulating  thy 
roxine  on  the  thyroid  gland  are  suggested 
as  possible  causes  for  the  changes  in  leve 
of  circulating  thyroxine. 

It  is  suggested  that  the  antagonistic  e: 
feet  of  one  hormone  on  the  production  o 
another  hormone  produces  a  total  metabc 
lism  in  the  smallmouth  bass  that  would  b 
cyclic  in  nature  when  plotted  against  time 

If  metabolism  in  fish  is  cyclic  with  re 
spect  to  time,  the  norm  can  be  determine 
only  if  the  time  of  year  the  blood  sample 
were  collected  is  included  in  the  data 
This  suggests  that  in  experiments  in  whicl 
some  phase  of  metabolism  is  used  to  meas 
ure  effects  of  a  treatment  the  results  (re 
sponse  of  the  fish)  are  dependent  on  tim 
of  year  the  experiment  is  performed 
Such  results  would  be  applicable  onh 
when  the  metabolic  rates  of  the  experimen 
tal  fish  and  of  the  fish  from  which  tin 
data  came  are  of  the  same  magnitude. 
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ABSTRACT 

In  an  investigation  of  chronic  toxicity  of  endrin  to  bluntnose  minnows  and  guppies, 
conducted  for  291  days,  neither  species  could  withstand  concentrations  greater  than 
0.5  parts  per  billion  of  endrin  in  water  for  more  than  a  few  days.  Less  than  50  percent 
of  the  test  animals  could  live  in  0.5  p.p.b.  for  more  than  30  days.  Approximately  65 
percent  could  live  in  0.4  p.p.b.  for  periods  exceeding  30  days,  while  there  was  little 
mortality  due  to  endrin  in  0.25  and  0.1  p.p.b.  endrin  in  water. 

Fish  suffering  from  endrin  poisoning  exhibited  symptoms  (increased  ventilation  rate, 
convulsions,  and  loss  of  equilibrium)  which  indicate  that  it  affects  the  central  nervous 
system.  Sublethal  concentration  caused  increased  activity  and  hypersensitivity  to 
stimuli.  No  cell  damage  was  found  in  fish  which  were  able  to  survive  in  endrin  con- 
centrations, and  essentially  no  physical  effects  other  than  increased  activity  were 
noted.  Adult  female  guppies  ceased  to  have  young  when  placed  in  endrin  concentra- 
tions, but  the  gonads  of  the  bluntnose  minnows  were  approaching  sexual  maturity 
when  the  test  was  terminated. 

In  continuous-flow  acute-toxicity  tests,  it  was  found  that  the  96-hour  TLm  values 
ranged  from  0.27  p.p.b.,  for  fish  30  mm.  standard  length,  to  0.47  p.p.b.,  for  fish  60  mm. 
standard  length. 

Endrin  had  no  effect  on  oxygen  consumption  in  the  seven  bluntnose  minnows  tested. 
Neither  did  acute  exposure  to  endrin  significantly  affect  the  ability  of  the  fish  to  swim 
against  a  current  of  water. 

In  carp  exposed  to  concentrations  of  2.5  to  10  p.p.b.  endrin  during  periods  varying 
from  2.5  to  28  days,  the  digestive  tract,  liver,  heart-spleen-blood,  and  kidney  contained 
the  highest  accumulations  of  endrin.  The  maximum  concentrations  of  endrin  found 
in  the  tissues  were  approximately  160  times  greater  than  that  in  the  water  in  which 
the  fish  were  living.  The  concentration  of  endrin  in  the  heart-spleen  of  a  carp  exposed 
28  days  to  2.5  p.p.b.  was  found  to  be  400  p.p.b.  Muscle  tissue  was  consistently  low  in 
endrin  content.  The  gills  were  always  low  or  negative  in  endrin  content,  whereas  the 
digestive  tract  was  consistently  high,  indicating  that  endrin  probably  enters  the  body 
through  the  intestine. 

Endrin  does  not  appear  to  be  cumulative  in  its  effects  on  guppies  and  on  bluntnose 
minnows.  Little  or  no  tissue  damage  was  found  in  fish  which  could  live  in  water  con- 
taining endrin,  and  fish  seemed  to  recover  completely  from  one  exposure  to  endrin. 
The  increased  activity  caused  by  very  low  concentrations  of  endrin  could  be  very 
damaging  to  fishes  in  natural  waters,  disrupting  spawning  and  subjecting  the  fish  to 
predation  and  other  decimating  factors. 

iv 
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In  the  past  15  years,  the  use  of  pesticides 
as  increased  rapidly,  and  the  number  of 
impounds  used  for  pest  control  has  grown 
b  an  astounding  rate.  Abstracting  jour- 
als  in  recent  years  have  had  to  add  a  sub- 
tle for  articles  about  pesticides,  and  each 
ear  this  section  becomes  larger.  Herbi- 
ides  have  increased  in  use  in  a  similar 
lanner,  and  at  present  are  replacing  cul- 
ivation  in  the  production  of  some  agricul- 
tural crops  (corn,  for  instance).  On  the 
ommercial  market,  one  finds  a  whole  ar- 
ay  of  compounds  for  combating  roaches, 
nts,  spiders,  mites,  and  other  pests, 
^ities  now   have  spraying  programs   in 

hi  eh  every  alley  is  sprayed  for  fly  and 
losquito  control.  Highway  departments 
pray  roadsides  with  herbicides  instead 
f  mowing.  The  Federal  and  State  gov- 
nnnents,  often  in  cooperation  with  local 
governments  or  agencies,  spray  large  areas 
or  various  insect  pests.  The  use  of 
[hemicals,  especially  DDT,  for  the  con- 
irol  of  forest  pests  is  of  ever-increasing 
mportance. 

Recently  a  huge  aerial-spraying  pro- 
rnun  has  been  conducted  in  the  southeast- 
ern United  States  in  an  attempt  to  control 
he  imported  fire  ant.  Various  extermi- 
niting  agencies  now  use  new  chemicals  to 
•ontrol  termite  damage  to  buildings,  and 
bften  give  a  guaranteed  protection  period 
tfhich  may  last  several  years.  Marine 
paints  on  the  market  contain  chemicals  to 
ontrol    arthropod    damage    to    wooden 


boats;  floor  waxes  contain  pesticides  for 
ant  and  roach  control.  Some  insecticides 
have  been  found  very  effective  in  rodent 
control,  especially  in  orchards.  Many 
conservation  departments  use  chemicals  to 
eradicate  fish  populations  in  large  bodies 
of  water,  and  it  appears  at  present  that  ef- 
fective control  of  the  sea  lamprey  in  the 
Great  Lakes  may  be  achieved  by  use  of 
chemicals.  In  short,  one  will  find  pesti- 
cides used  in  almost  any  place  he  may 
go. 

Such  widespread  use  has  caused  many 
people  to  wonder  what  effect  these  chemi- 
cals may  have  on  the  intricate  balance  of 
animal  populations.  Unfortunately, 
many  of  the  pesticides  used  are  not  very 
specific  in  their  effects.  These  pesticides 
may  alter  food  chains  by  removing  a  cer- 
tain group  of  animals.  A  long  residual 
life  as  well  as  high  toxicity  are  sought- 
after  features  of  pesticides,  and  for  ex- 
tended periods  of  time  after  sp raying  they 
are  dangerous  to  animals  other  than  those 
being  controlled. 

Aquatic  animals  in  particular  are 
highly  susceptible  to  pesticides.  As  an  ex- 
ample, Fitzwater  (1958)  reports  that  in 
1953  an  airplane  carrying  a  spray  mixture 
containing  a  little  over  1  gallon  of  actual 
endrin  crashed  into  a  Louisiana  bayou. 
This  resulted  in  the  death  of  all  fishes  and 
reptiles,  including 42  alligators,  for  a  dis- 
tance of  35  miles  from  the  point  of  the 
crash.     Aquatic  afnimals  are  often  exposed 
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to  insecticides  as  a  result  of  runoff  from 
treated  areas,  as  well  as  from  direct  ap- 
plication to  the  water. 

There  is  a  dearth  of  information  on  the 
residual  life  of  insecticides  in  soils  and 
in  organisms.  Young  and  Nicholson 
(1951)  reported  what  they  thought  to  be 
the  first  recorded  large-scale  kill  of  aquatic 
animals  caused  by  agricultural  use  of  in- 
secticides. There  were  15  major  fish  kills 
in  northern  Alabama  in  one  summer,  and 
in  Flint  Creek  in  Alabama,  in  a  13-mile 
section  varying  from  6  to  20  feet  in  depth, 
there  was  an  apparent  total  eradication  of 
the  fish  population.  These  kills  were 
thought  to  be  due  to  frequent  applications 
of  insecticides,  followed  by  several  heavy 
rains  in  August  which  washed  the  insecti- 
cides from  the  soil  into  the  streams. 
Barker  (1958)  found  robins  in  Illinois 
dying  from  feeding  on  earthworms  after 
heavy  rains  in  the  spring.  Analysis  of 
the  worms  showed  high  concentrations  of 
DDT,  which  had  been  sprayed  on  the  area 
almost  1  year  earlier.  Barker  found  the 
DDT  content  of  the  soil  to  increase  in  the 
autumn,  presumably  owing  to  the  residue 
on  the  falling  leaves.  Barlow  and  Hada- 
way  (1955)  found  DDT  recoverable  from 
soil  12  months  after  sorption  was  com- 
plete. Harrington  and  Bidlingmayer 
(1958)  found  extensive  kills  of  aquatic 
animals  resulting  from  aerial  applications 
of  1  pound  of  dieldrin  pellets  per  acre 
in  a  tidal  marsh.  They  noted  crabs  eating 
moribund  fishes  and  dying  themselves  the 
next  day. 

Hunt  and  Bischoff  (1960)  have  pre- 
sented a  very  complete  picture  of  the  ac- 
cumulation of  DDD  (dichloro-diphenyl- 
dichloroethane)  in  animal  tissues.  In  this 
case,  Clear  Lake  in  California  was  treated 
three  times  with  DDD.  The  first  treat- 
ment was  applied  in  1949  at  a  concentra- 
tion of  1  part  in  70  million,  the  second  in 
1951  at  1  part  in  50  million,  and  the  third 
in  1957  at  the  same  concentration  as  the 


second.  They  found  concentrations  a 
high  as  2,275  parts  per  million  in  the  fa 
of  apparently  healthy  largemouth  bas 
and  concentrations  as  high  as  42  parts  pe 
million  in  the  fat  of  yearling  largemout. 
bass  hatched  7  to  9  months  after  the  las 
application.  Carnivorous  fish  had  highe 
levels  of  DDD  in  their  tissue  than  di 
plankton  feeders. 

All  these  investigations  and  many  mor 
not  cited  point  up  the  need  for  cautiou 
use  of  insecticides,  and  for  extensiv 
studies  to  determine  what  the  total  effect  o 
their  use  may  be  over  a  long  period. 

Certainly  in  coming  years,  as  the  worl 
population  increases,  the  value  of  our  in 
land  waters  for  recreation  as  well  as  foo< 
supply  will  be  increasingly  important,  am 
the  aquatic  habitat  must  be  protected.  A 
the  present  increased  rate  of  use  of  pesti 
cides,  it  is  not  impossible  that  even  th 
oceans  along  the  continental  coasts  maj 
receive  enough  to  reach  a  toxic  level.  Thj 
unfortunate  fact  is  that  in  general  therj 
is  little  concern  about  the  danger  until  de 
sirable  organisms  begin  to  die,  and  oftei 
it  is  then  too  late  to  remedy  the  situation 

Acute  testing  of  new  chemicals  on  vari 
ous  animals  is  rapidly  becoming  standard 
procedure   before  the  chemicals   are   rei 
leased  to  the  public.     Toxicity  is  usual! 
measured  by  the  number  of  deaths,  but  sub 
lethal  effects  also  can  be  very  damaging 
The  need  for  chronic-toxicity  studies  is  be 
coming  more  pressing  and  is  gaining  som 
support.     The     importance     of     finding 
symptoms  of  poisoning  at  a  time  wheiij 
complete  recovery  is  still  possible  is  slowhH 
being  recognized.     In  an  effort  to  focu1 
attention  on  this  area,  as  well  as  to  deilj 
termine  some  of  the  effects  of  sublethal)! 
doses,  an  investigation  of  the  chronic  toxll 
icity  of  endrin  to  fishes  was  initiated.     En    I 
drin  was  chosen  because  of  its  extremB 
toxicity  to  fishes  and  its  increasing  use  at 
a  pesticide.     Henderson,  Pickering,  aner 
Tarzwell  (1959)  state,  "Endrin  was  by  fajl 
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he  most  toxic  of  the  insecticides  to  all 
gpecies  of  fish  [tested].  In  fact,  it  is  the 
iyiost  toxic  chemical  that  has  been  tested 
n  this  laboratory.''  They  found  endrin 
:o  be  lethal  in  96  hours  to  50  percent  of 
khe  bluegills  tested  at  a  concentration  of 
3.6  p.p.b.  (parts  per  billion)  in  the  water. 

Endrin  is  1,2,3,4,10,10-hexachloro-eaw- 
3,7-epoxy-l,4,4a,5,6,7,8,8a-octahydro-l,4- 
ew^<9,ett^0-5-8-dimethanonaphthalene.  It 
lis  a  yellowish-white  crystal  with  a  sweet 
odor  when  it  is  in  a  dry  form.  Endrin  is 
islightly  soluble  in  water  and  moderately 
soluble  in  alcohol. 

The  use  of  endrin  has  increased  each 
year  since  it  was  first  introduced  in  the 
early  1950s.  Officials  of  one  agricultural 
chemical  company  informed  me  that  they 
sold  several  thousand  pounds  of  active 
endrin  in  a  3-State  area  during  1958. 
Endrin  has  been  used  effectively  to  control 
many  pests.  A  few  are  listed  below  to 
illustrate  its  broad  spectrum  of  toxicity. 

Other  pests  such  as  army  cutworms, 
plant-lice,  tent  caterpillars,  and  white- 
pine  weevils  have  been  effectively 
controlled. 

Although  such  application  rates  may 
seem  low,  Tarzwell  and  Henderson  (1956) 
working  with  a  closely  related  compound, 
dieldrin,  found  runoff  from  the  first  and 
third  rainfalls  from  an  area  treated  with 
4.66  pounds  of  dieldrin  per  acre  to  be 
lethal  to  50  percent  of  the  bioassay  fish 
in  96  hours.  Runoff  from  the  fourth  rain 
Still  contained  some  dieldrin,  as  indicated 
by  the  reactions  of  fish  placed  in  a  sample 
of  it.  Rosen  and  Middleton  (1959),  by 
use  of  a  carbon  filter,  found  0.1  and  0.013 


p. p.m.  in  the  runoffs  from  the  first  and 
third  rains  in  the  treated  area  mentioned 
above.  These  two  experiments,  together 
with  many  published  accounts  of  fish  mor- 
tality, indicate  that  these  insecticides  do 
reach  the  streams  in  sufficient  (plant ity  to 
be  toxic.  Mr.  Henderson  has  informed 
me  that  "quite  constant  amounts"  of  insec- 
ticides are  found  in  some  stream-.  Un- 
doubtedly the  concentrations  increase  in 
periods  of  widespread  spraying  (April 
and  May),  but  it  is  significant  that  there 
is  a  measurable  level  of  insecticides  in  the 
streams  at  all  times.  Presumably  these 
levels  are  maintained  by  residues  of 
insecticides  in  the  soil  which  have  been 
shown  to  last  for  at  least  1  year  (Barlow 
and  Hadaway,  1955).  Seasonal  spraying 
renews  this  supply  in  the  soil.  This  fact 
makes  the  need  for  studies  of  chronic 
effects  even  more  pressing. 

A  literature  search  revealed  no  studies 
on  the  chronic  effects  of  endrin  on  fishes, 
although  some  experiments  have  been  con- 
ducted on  birds  and  mammals.  Treon, 
Cleveland,  and  Cappel  (1955)  found  that 
all  rats  fatally  poisoned  by  endrin  had 
"diffuse  degenerative  changes  in  the  liver, 
kidney,  and  brain.''  In  a  rabbit  given  50 
oral  doses  (1  mg./kl.),  endrin  caused  "dif- 
fuse degeneration  and  fatty  vacuolation of 
hepatic  and  renal  cells  and  degenerat  ion  of 
the  heart."  Survival  times  of  male  rats 
fed  100  and  50  p.p.m.  endrin  in  their  food, 
and  of  females  fed  100,  50,  and  25  p.p.m., 
for  periods  up  to  106  weeks  were  signifi- 
cantly shorter  than  for  those  animals  fed 
1  and  5  p.p.m.    Concentrations  of  50  and 

100  p.p.m.  in  food  caused  the  rat  io  between 
liver  weight  and  body  weight  to  be  larger 
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OF  ENDRIN  TO  CONTROL  CROP  PESTS 

Pest 

Crop 

Dosage 

Spiny  bollworn 

( 'ottOD 

500  grama  per  hectare. 

i  qt.  emulsified  endrin  per  ino  gal.  (0.5  gal.  per  tree.) 

0.26-percent  spray, 

1  pt.  per  100  gal. 

2  oc.  per  gallon  of  19.5-percenl  endrin. 
0.01-peroent  endrin. 

2.5  lbs.  per  63 

Lesser  peach  borer  ... 

Peaches          .  . 

Potato  tuber  moth    .. 

Potatoes 

Red-banded  thrips 

Potato  leafhopper 

Potatoes 

Citrus  psylla.     

Citrus  fruit 

Pine  mice 

than  normal.  Male  rats  fed  5  and  25 
p. p. in.  for  2  years  also  showed  an  increased 
liver  weight  to  body  weight  ratio. 

They  also  stated  that,  in  general,  the 
only  effect  in  female  dogs  fed  4,  3,  and  1 
p. p.m.  for  6  to  19  months  was  some  slight 
renal  tubular  vacuolation.  Some  dogs  fed 
3  p.p.m.  for  19  months  had  enlarged  kid- 
neys and  hearts.  Those  dogs  which  sur- 
vived on  8  p.p.m.  had  normal  viscera,  ex- 
cept for  slight  diffuse  degeneration  of  the 
distal  convoluted  tubules  in  the  kidneys. 

DeWitt  (1956)  reported  that  10  p.p.m. 
endrin  fed  to  adult  pheasants  during  the 
reproductive  period  reduced  hatchability 
of  eggs  and  survival  of  the  young.  One 
p.p.m.  fed  to  quail  before  the  reproductive 
season,  but  discontinued  during  reproduc- 
tion, reduced  the  fertility  and  number  of 
eggs,  as  well  as  the  survival  of  the  young. 
Sherman  and  Rosenberg  (1953)  found 
3.5  mg./kg.  of  endrin  in  7-day  chickens  to 
be  lethal  between  6  hours  and  5  days.  It 
caused  degeneration  of  the  liver  and  kid- 
ney, and  following  long  exposures  was 
stored  in  peritoneal  fat  and  the  liver. 

Kunze  and  Laug  (1953)  detected  stor- 
age of  endrin  in  the  brain  and  liver  of  rats. 
Females  contained  more  fat-stored  endrin 
than  males.  These  investigators  recovered 
considerable  amounts  of  endrin  from  the 
kidneys,  but  this  was  of  a  "different  chem- 
ical nature." 

Ely,  Moore,  Carter,  and  App  (1957) 
reported  that  20  mg.  or  more  per  day  fed 
to  cattle  caused  measurable  amounts  of 
endrin  to  occur  in  the  milk.  One  and  one- 
half  milligrams  per  kilogram  per  day 
caused  the  cattle  to  exhibit  toxic  symp- 
toms. 

Data  on  the  effect  of  endrin  on  fish  are 
very  scanty.  Henderson,  Pickering,  and 
Tarzwell  (1959)  state  that  in  soft  water 
(alkalinity  18  p.p.m.,  hardness  20  p.p.m.) 
at  25°C.  the  96-hour  TLS  (median  toler- 
ance limit)   was  0.6  p.p.b.  for  bluegills, 


Lepoinis  macrochiniis,  1  p.p.b.  for  fathead 
minnows,  Pimephales  promelas,  and  1.$ 
p.p.b.    for    goldfish,    Carassius    auratus 
These  fishes  were  1.5  to  2.5  inches  long. 
Guppies,  LeUstes  reticulatus,  0.75  to  1  inch 
long,  had  a  96-hour  TL-  value  of  1.5  p.p.bj 
under    the    above-mentioned    conditions. 
These  were  static  tests  with  five  guppiesi 
in  2  liters  of  test  solution  and  five  fishes 
in  10  liters  of  solution  for  the  other  three 
species.     In  constant-flow  tests  of  20  days' 
duration,  they  found  endrin  to  be  toxic  at 
levels   of   half  the   96-hour   TL-  value. 
Their  conclusion  was  that  endrin  had  a 
cumulative    or   chronic   effect   on    fishes. 
They  concluded  also  that  natural  varia- 
tions in  pH,  alkalinity,  and  hardness  have 
no  major  effect  on  the  toxicity  of  the  chlo- 
rinated hydrocarbon  insecticides  to  fishes, 
although     endrin,     among    others,     was 
slightly  more  toxic  in  soft  water. 

Iyatomi  et  al.  (1958)  determined  the 
48-hour  TL-  for  5-  to  7-centimeter  carp  to 
range  from  140  p.p.b.  at  7°-8°  C.  to  5 
p.p.b.  at  27°-28°  C.  They  found  that  the 
24-hour  TLE  for  day-old  carp  was  8,500 
p.p.b.,  which  decreased  to  46  p.p.b.  at  6 
days  of  age.  It  is  quite  probable  that  these 
TL-  values  are  high,  since  five  fishes  (5  to 
7  centimeters  long)  were  placed  in  2  liters 
of  water.  Such  large  fish  in  2  liters  of 
water  would  absorb  endrin  and  thereby 
reduce  the  concentration. 

Both  of  the  last  two  papers  mentioned 
considered  the  effect  of  the  form  in  which 
the  endrin  was  administered  (powdered, 
granular,  or  emulsion)  on  the  lethal  dose. 
Form  Avas  not  considered  in  the  current 
investigation.  Form  probably  affects  the 
amount  dissolved  in  the  water  and  not  the 
actual  toxicity. 

Objectives 

The  objectives  of  this  investigation 
were — 

1.  To  determine  the  maximum  concen- 
tration in  which  guppies  and  bluntnose 


minnows    could    survive     for     extended 
periods. 

2.  To  determine  reproductive  and 
physiological  effects  of  sublethal  concen- 
trations of  endrin  on  fishes. 

3.  To  determine  the  place  of  entry  into, 
and  the  movement  through,  the  fish's  body. 

4.  To  determine  any  differences  in  the 
acute  toxicity  of  endrin  to  various  size 
groups. 

5.  To  determine  whether  there  is  a  po- 
tential danger  to  human  beings  or  to  other 
animals  which  eat  fishes  that  have  been 
exposed  to  sublethal  doses  of  endrin. 

The  methods  and  equipment  employed 
in  this  investigation  are  described  separ- 


ately with  each  phase  of  the  investigation. 
Raw  data  are  given  in  the  appendix.  As 
used  here,  the  terms  "chronic  test"  and 
"acute  test''  refer  to  tests  of  long  and  short 
duration,  respectively. 

This  report  was  prepared  in  partial  ful- 
fillment of  the  requirements  for  the  degree 
of  doctor  of  philosophy  in  the  Graduate 
School  of  Ohio  State  University.  Dr. 
Wilson  Britt  was  my  major  advisor  and 
Dr.  Eugene  Dustman  was  my  coadvisor 
during  my  doctoral  study.  In  addition,  I 
am  indebted  to  Drs.  William  Spoor,  David 
F.  Miller,  George  Ware,  Frank  Fisk,  and 
William  Mcintosh  for  advice  and 
assistance. 


CHRONIC-TOXICITY  TESTS  ON  BLUNTNOSE  MINNOWS 


Objective 

The  objective  of  this  experiment  was  to 
determine  the  effects  of  sublethal  levels  of 
endrin  on  bluntnose  minnows  exposed  for 
extended  periods  of  time. 

Methods  and   equipment 

The  chronic-toxicity  testing  was  based 
on  a  continuous  flow  system.  The  appa- 
ratus consisted  of  a  reservoir  capable  of 
holding  a  4-day  supply  of  the  test  solu- 
tion, a  constant-head  chamber,  and  a  test 
chamber,  all  shown  in  figures  1  and  2. 

The  reservoirs  were  made  of  %-inch 
marine  plywood  coated  with  four  coats  of 
plastic  resin  in  which  glass  cloth  was  im- 
bedded for  strength  (Mount,  1959).  Ten 
such  reservoirs,  16  by  16  by  24  inches, 
were  arranged  in  two  batteries  of  five  each. 
They  were  supported  4  feet  above  the  floor 
by  six  4-by-4  legs  and  eight  2-by-6  planks. 
Glass  tubing  was  bent  as  shown  in  figure 
2  to  serve  as  water-level  gauges. 

Water  was  siphoned  from  the  reservoirs 
into  a  constant-level  chamber.  Figure  3 
shows  the  details  of  the  float  valve  used 


to  control  the  water  flow  into  the  const  ant - 
level  chamber;  the  level  did  not  vary  by 
more  than  14  mcn  during  operation.  Au- 
tomotive valve-grinding  compound  was 
used  to  seat  the  ground-glass  surfaces. 
No  sealing  compound  was  used  on  the 
valve  seats ;  only  a  slow  seepage  occurred 
when  the  valve  was  closed.  Large  cork 
stoppers  coated  with  plastic  resin  served 
as  floats.  Ten  of  these  valves  functioned 
for  periods  of  6  to  11  months  with  approx- 
imately 10  failures  due  to  particles  of  dirt. 
Water  was  siphoned  from  the  constant- 
level  chamber  into  the  test  chamber,  and 
the  flow  was  controlled  by  small  glass  jets. 
These  jets  were  made  by  heating  and  draw- 
ing glass  tubing  to  a  very  small  diameter. 
The  jet  was  fastened  to  the  water  line,  and 
small  pieces  were  broken  off  until  the  de- 
sired flow  rate  was  obtained.  Glass  stop- 
cocks and  screw  clamps  were  tried,  but 
both  failed  to  maintain  a  constant  water 
flow  and  became  clogged  quickly  with  dust 
particles.  Flow  rates  were  measured  by  a 
10-milliliter  graduated  cylinder.  All  wa- 
ter lines  were  made  of  glass  tubing  with 
tygon  tubing  at  the  joints. 
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Figure  1.— Continuous-flow  system  used  for  the  chronic-toxicity  testing. 
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Figure  2. — Diagram  of  continuous-flow  system 
used  for  chronic-toxicity  testing. 

The  bluntnose-minnow  test  chambers, 
10  by  24  by  6  inches,  were  constructed  in 
the  same  way  as  the  reservoirs,  except  that 
the  front  was  glass,  and  white  pigment 
was  added  to  the  plastic  resin.  A  narrow 
retaining  strip  was  placed  around  the 
front  to  hold  the  glass  in  place.  Double- 
strength  window  glass  was  cut  so  that  it 
was  as  large  as  the  entire  front,  and  was 
sealed  in  place  with  aquarium  cement.  A 
strip  of  aquarium  cement  %  inch  wide  or 
ess,  around  the  glass,  was  exposed  to  the 
test  solution.  Each  test  chamber,  when 
filled  to  normal  level,  had  a  capacity  of  ap- 
proximately 18  liters.  A  U-shaped  glass 
tube  siphoned  the  water  from  the  test 
hamber  into  a  constant- level  chamber, 
a,nd  from  there  it  was  emptied  into  the 
drain.  The  end  of  the  tube  in  the  test 
hamber  was  inserted  into  a  cylinder  made 
of  plastic  screen  in  order  to  prevent  fish 
from  entering  the  siphon  tube.  The  test 
chambers  were  joined  in  batteries  of  three 
to  seven,  and  arranged  in  three  banks  or 
levels,  all  lower  than  the  reservoirs.  Com- 
pressed air  was  bubbled  into  the  water  in 
each  chamber  through  a  glass  jet. 


Since  the  endrin  was  added  directly  to 
the  reservoir,  the  level  gauge  of  each  reser- 
voir was  calibrated  so  that  exactly  80  liters 
of  water  could  be  measured  into  it.  In 
this  way  the  desired  concentration  could 
be  made  directly  in  the  reservoir.  There 
were  2  inches  of  water  under  the  zero  level 
mark  in  the  level  gauge,  so  that  when  the 
reservoir  was  lowered  80  liters  the  col- 
umns of  water  in  the  level  gauge  and 
siphon  tube  were  not  broken.  A  change  in 
volume  of  0.1  percent  could  be  detected  on 
the  level  gauge.  Each  reservoir  held  a 
4.5-day  supply  of  solution  which  flowed 
out  at  the  rate  of  720  ml.  per  hour.  This 
rate  amounted  to  the  approximate  capac- 
ity of  the  test  chamber  in  24  hours. 

In  1.5  hours,  all  10  reservoirs  could  be 
drained  and  refilled  with  fresh  solutions. 
During  the  filling,  the  siphon  tubes  were 
clamped  to  prevent  an  improper  concen- 
tration from  reaching  the  test  chambers. 
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Figure  3. — Float-valve  assembly  for  regulating 
water-flow. 


This  entire  unit  was  set  up  in  a  base- 
ment room  built  especially  for  the  ex- 
periment. The  walls  were  made  of  two 
sheets  of  polyethylene-plastic  film  with 
4  inches  of  dead-air  space  between  them. 
Sunlight  from  a  basement  window  entered 
through  the  plastic  wall ;  thermostatically 
controlled  electric  heaters  held  the  temper- 
ature constant.  It  was  found  that  small 
variations  in  air  temperature  did  not  alter 
water  temperature  measurably.  There 
was  temperature  stratification  of  the  air; 
but  this  proved  to  be  advantageous  be- 
cause the  water  in  the  reservoirs  was  1°  to 
2°  C.  warmer  than  that  in  the  test  cham- 
bers. Influent  was  introduced  at  the  water 
surface  in  the  test  chamber,  and  since  it 
wTas  less  dense  it  spread  out  over  the  sur- 
face and  settled  to  the  bottom  as  it  cooled. 
The  outlet  siphon  drew  the  water  from 
the  bottom.  This  movement,  plus  the  tur- 
bulence from  aeration,  gave  good  water 
circulation  through  the  test  chamber  as  de- 
termined by  methylene-blue  dye.  Four 
test  chambers  and  four  reservoirs  were 
used  for  the  bluntnose-minnow  tests. 
Three  test  chambers  contained  endrin  and 
were  designated  TB-6,  TB-7,  and  TB-8; 
one  designated  CB-10,  without  endrin, 
served  as  a  control. 

Physical  and  chemical  conditions 

The  chronic-toxicity  tests  were  con- 
ducted at  a  constant  temperature  of  22.2° 
C,  plus  or  minus  1°  C.  The  summer  of 
1959  was  unusually  warm,  and  on  several 
days  the  capacity  of  the  cooling  unit  was 
exceeded.  For  3  days  in  August,  the  tem- 
perature reached  25°  C.  in  the  late  after- 
noon, and  for  a  total  of  18  days  in  the 
months  of  June,  July,  and  August  the 
temperature  exceeded  23.2°  C.  but  did  not 
reach  25°  C.  I  feel  that  this  variation  did 
not  affect  the  results  significantly,  since 
this  was  a  chronic  test,  and  because  any 
variation  due  to  temperature  fluctuation 
would  affect  the  control  group  as  well  as 


the  test  fishes.  During  all  months  excej 
June,  July,  and  August  the  temperatu] 
rarely  varied  by  more  than  plus  or  mini 
0.5°  C.  Continuous  temperature  recorc 
were  kept  by  a  recording  thermograpl 
Examination  of  these  records  showed  thi 
no  large  temperature  fluctuations  occurre 
at  any  time. 

Water  chemistry  in  the  test  chambei 
was  determined  periodically,  and  the  p] 
and  alkalinity  of  the  tap  water  were  mea,', 
ured  each  time  before  the  reservoirs  wei 
filled.  Chemical  analyses  of  the  tap  watfl 
upon  leaving  the  Morse  Road  water-treaj 
ment  plant  are  shown  in  table  1.  This  ii 
formation  was  made  available  through  t\ 
courtesy  of  Mr.  Richard  Melick,  Divisio 
of  Water,  Columbus,  Ohio.  An  analys 
by  the  State  health  department  on  N< 
vember  19,  1959,  showed,  in  additioi 
fluorides  0.2  p.p.m.,  silica  4  p.p.m.,  nitrai 
nitrogen  0.5  p.p.m.,  and  sodium  7  p.p.m. 


Table  1. — Chemical  analyses  of  Columbus  td 
water 

[All  values  except  pH  are  expressed  in  p.p.m.  These  vain 
were  determined  by  the  Columbus  Division  of  Water  on  tU 
water  as  it  left  the  Morse  Road  treatment  plant] 


Total  alkalinity 

Phenolphthalein  alkalin 

ity 

Noncarbonate  hardness.. 

Total  hardness 

Calcium 

Magnesium 

Iron 

Chlorides 

Sulphates 

FreeC02 

pH  value 

Turbidity 

Total  solids 

Manganese 


Oct.  21, 
1959 


22 

4 

52 

74 

18 

7.5 

0 

7.5 
52 
0 

10.1 
.2 
153 
.3 


Nov. 
25,  1959 


22 


139 
0 


Dec.  28, 
1959 


20 

12 
62 
82 
24 

5 

0 

7.0 
62 

0 
10.2 

0 
148 

0 


Feb. 


According  to  the  analysis  made  at  id 
laboratory  before  the  reservoirs  wed 
filled,  the  chemical  characteristics  of  tl, 
tap  water  used  in  the  tests,  based,  on  *& 
samples  over  a  period  from  April  11,  195 
to  January  27, 


1960,  were  as  follows: 


PH   

Total  alkalinity. 


Range  Mean    \ 

6.5-  8.5  p.p.m-     7.8p.p.i; 

15.0-42.0  p.p.m.  23.9p.p.i 


Only  two  alkalinity  determinations  ex- 
eded  30  p.p.m.,  and  only  two  pH  read- 
gs  were  below  7.0.     Phenolphthalein  al- 
Idinity  was  always  present  in  tap  water, 
it  disappeared  during  aeration   as  the 
iservoirs  were  filled.     Free  chlorine  ap- 
aared  in  the  water  for  the  first  time  on 
ovember  29,  1959,  and  filtering  through 
larcoal  was  necessary  from  then  until  the 
id  of  the  test.     The  filter  consisted  of  a 
foot  length  of  glass  tubing,  100  mm.  hi- 
de diameter,  packed  with  granular  bone 
larcoal.     Chlorine  determinations  were 
ade  according  to  the  starch-iodine  test 
escribed  in  Standard  Methods  for  the  Ex- 
mination  of  Water  and  Sewage  (1949). 
Table  2  summarizes  the  chemical  char- 
steristics  of  the  solutions  in  the  test  cham- 
rs.     Xo  phenolphthalein  alkalinity  was 
lund  in  the  test  chambers.     The  unmodi- 
ed  AVinkler  method  was  used  for  dis- 
ilved  -oxygen        determinations,         and 
issolved  carbon  dioxide  and  alkalinity 
-ere    determined   by    standard   methods 
escribed   by   Welch    (1948).     Indicator 
:>lutions  with  a  color  chart  were  used  to 
etermine    pH.     A    comparison    of    this 
lethod  with  a  pH  meter  indicated  that  the 
lethod  was  sensitive  to  0.25  pH  units. 
The    chronic    testing    was    begun    on 
Lpril  11,  1959,  and  was  conducted  for  291 
ays,  ending  on  January  27,  1960.     Five 
luntnose  minnows,  Pimephales  notatus, 
rere  placed  in  each  of  the  four  test  cham- 
bers.    They  were  assigned  to  chambers  at 
andom  by  the  use  of  a  table  of  random 
igits.     Rocks     of    similar    composition 
vere  placed  in  each  chamber  to  serve  as 
over.     Hardware  cloth  of  ^4-inch  mesh 
vas  placed  over  the  top  to  keep  the  fish 
from  jumping  out.     Ground  commercial 
log-chow    checkers   were   free-fed    twice 
iaily.     This  diet  was  supplemented  from 
iinc   to  time  with  chopped   earthworms 
taken  from  an  area  known  to  be  free  from 
insecticides.     The  fish  were  overfed  inten- 
tionally, so  that  all  fish  were  able  to  eat 


as  much  as  they  would.     The  excess  food 
and  excrement  were  siphoned  daily. 

This  species  fights  very  little  under  lab- 
oratory conditions,  and  its  behavior,  plus 
its  tolerance  to  laboratory  conditions, 
makes  it  a  very  desirable  test  animal.  All 
fish  used  in  the  chronic  test  were  collected 
in  a  small  pool  in  Rocky  Fork  Creek,  on 
the  Franklin-Delaware  County  line,  on 
March  16,  1959.  The  fish  were  held  in  the 
laboratory  at  22°  C.  for  26  days  before  the 
test  for  chronic  effects  was  begun.  Those 
not  used  immediately  in  the  tests  were  held 
at  22°  C.  for  later  use. 


Table  2. — Chemical  analyses  of  water  in  the 
test  chambers  based  on  determinations  made 
approximately  every  9  days  duriny  the  291- 
day  test  period 

[All  values  except  pll  are  expressed  in  p.p.m.] 


Chemical  character 

Range 

Mean 

Total  alkalinity 

18-33  (One  reading  over  28)  —  . 
5.3-7.2.. 

24.0 
6.2 

Dissolved  COj     

1-3 

2.3 

pH 

7.0-7.8. 

7.4 

Ninety -six  percent  pure  reference 
standard  endrin  was  used  in  the  tests.  A 
stock  solution  of  1  mg.  endrin  per  milli- 
liter of  95-percent  ethyl  alcohol  was  pre- 
pared, and  the  desired  amounts  were  meas- 
ured with  a  1-milliliter-gradiiated  pipette. 
Initially,  200  ml.  of  the  stock  solution  were 
prepared.  After  this  had  been  used,  one 
liter  of  solution  was  made  and  this  was 
sufficient  for  the  rest  of  the  chronic  test 
and  for  all  of  the  acute  testing. 

When  filling  the  reservoirs,  I  dropped 
the  appropriate  amount  of  the  stock  solu- 
tion into  a  beaker  containing  approxi- 
mately 100  ml.  of  water.  The  beaker  was 
then  emptied  into  the  reservoir  and  washed 
for  several  minutes  under  the  water 
stream  entering  the  reservoir.  It  was 
necessary  to  keep  the  alcohol  content  as 
low  as  possible,  because  it  permitted  a 
considerable  growth  of  bacteria,  even  in 
low   concentrations.     A   volume   of  pure 
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95-percent  ethyl  alcohol,  equal  to  the 
largest  volume  of  alcohol  put  into  the 
test  chamber  of  highest  endrin  concentra- 
tion, was  put  in  the  control  chamber. 
This  originally  amounted  to  0.72  ml.  per 
80  liters  of  water,  but  later  when  the  maxi- 
mum test  concentration  was  dropped  to 
0.5  p.p.b.  endrin,  it  was  decreased  to  0.4 
ml.  per  80  liters  of  water.  Even  this 
amount  permitted  an  appreciably  greater 
bacterial  growth  than  did  the  0.08  ml. 
put  into  TB-8.  The  stock  solution  was 
measured  near  the  floor  to  avoid  splashing 
endrin  into  the  test  chambers.  The  bottle 
containing  the  stock  solution,  and  the 
pipette,  were  frequently  wiped  with  a 
cloth  saturated  with  pure  95-percent 
alcohol  to  remove  any  traces  of  endrin 
residue. 

During  the  testing  period  the  need  for 
determining  the  concentration  of  endrin 
in  the  test  chambers  became  apparent. 
The  best  chemical  test  for  endrin  is  sensi- 
tive only  to  5  p.p.b.,  but  by  bioassay  it 
was  possible  to  determine  concentrations 
as  low  as  0.4  p.p.b.  In  November  1959, 
during  acute-toxicity  testing,  it  was  found 
that  100  percent  of  the  fish  20  to  40  mm. 
standard  length  would  die  in  concentra- 
tions as  low  as  .4  p.p.b.  in  less  than  4  days. 
Fish  of  similar  sensitivity  were  used  to 
determine  the  concentrations  in  the  test 
chambers  by  bioassay  techniques.  In 
acute  tests  in  which  the  concentration  was 
better  known,  fish  died  in  1  to  2  days  at 
0.6  p.p.b.  and  in  2  to  3  days  at  0.4  p.p.b. 

A  5 -gallon  glass  jug  with  the  top  cut  off 
was  placed  so  that  the  effluent  from  TB-7 
flowed  through  it.  Later,  this  was  also 
done  with  TB-6  and  with  the  influent  to 
each  of  these  chambers.  The  results  are 
summarized  in  table  3.  By  comparison 
with  known  concentrations,  these  data 
show  that  the  concentration  in  TB-7  was 
approximately  0.5  p.p.b.,  while  the  concen- 
tration in  TB-6  seems  to  have  been  some- 
what lower  than  0.4  p.p.b.     Since  these 


concentrations  are  very  near  the  threshold  tf 
of  tolerance,  the  fact  that  no  fish  died  iri  fo 
the  TB-6  effluent  may  not  be  significant 
After  the  chronic  test  was  ended,  five  fisri  ft 
ranging  from  29  to  38  mm.  standard  length 
were  placed  directly  into  TB-7,  and  al 
died   within  3   days.     Five  others  were 
placed  in  TB-6.     One  disappeared,  but 
the  other  four  died  within  3  days,  indicat-j 
ing  that  the  concentrations  were  as  exn 
pected.     (Despite  precautions,  fish  were 
occasionally  lost  by  jumping  out  onto  the1 
floor.)     Although  the   actual   concentra- 
tions may  have  been  slightly  lower  than 
the    calculated    concentrations    in    some 
chambers,  this  does  not  introduce  serious 
errors  because  the  concentrations  in  TB-6i 
and  TB-7  were  the  maximum  that  the  fishi 
could  withstand. 

The  small  loss  of  endrin  may  have  been 
a  result  of  two  factors :  absorption  by  the 
fish  and  loss  because  of  aeration.  The 
manufacturers  both  of  the  plastic  resin 
used  to  coat  the  reservoirs  and  chambers,; 
and  of  the  endrin,  gave  assurance  that 
there  would  be  no  reaction  between  the 
endrin  and  the  plastic.  The  concentration 
was  changed  in  several  chambers  and,  so| 
long  as  they  were  washed  thoroughly  with 
soap  and  water,  there  was  no  residual  in- 
secticide found  in  the  water. 

Table  3. — Bioassay  of  test  concentrations  of  the 
chronic-toxicity  tests 

[Young  bluntnose  minnows  were  used  as  bioassay  animals. 
Survival  rates  in  known  concentrations  are  taken  from  acute- 
testing  results.    See  appendix  table  1] 


Source  of  water 

Number 
offish 

Size 

range, 

mm.  S.L. 

Average 
survival 
in  days 

Effluent  from  TB-7 

5 
4 
5 
5 
3 
5 
5 
5 
5 

25-30 
54-59 
22-33 
25-30 
29-35 
29-34 
26-31 
25-34 
26-32 

2.2 
4.0 
2.4 

Do     . 

Influent  to  TB-7 

Effluent  from  TB-6     - 

(i) 

Influent  to  TB-6 

5.3 

Known  concentration,  .6  p.p.b. 
Do 

1.0 

2.0 

Known  concentration,  .4  p.p.b. 
Do 

2.4 
3.0 

No  deaths. 


In  order  to  determine  the  effect  of  aera- 
tion on  the  loss  of  endrin  from  water,  9 
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iters  of  a  5-p.p.b.  solution  were  made  and 
ivided  equally  into  two  battery  jars. 
)ne  was  aerated  vigorously  with  five  air 
|ts  for  72  hours;  the  other  solution  was 
,ot  aerated.  At  the  end  of  72  hours,  five 
fell  were  put  into  each  jar.  All  fish  died 
n  12  hours  in  the  unaerated  solution,  but 
jbne  died  within  48  hours  in  the  aerated 
fee.  This  evidence  indicates  that  aero- 
foil does  remove  at  least  some  endrin. 
Veration  was  very  slow  in  the  test  cham- 
fers and  previously  cited  evidence  indi- 
ces that  there  was  a  minimal  loss. 

Results 

Initial  test  concentrations  were  selected 
lb  the  basis  of  48-hour  screening  tests. 
Concentrations  of  0.0,  0.5  and  0.1  p.p.b. 
were  used  for  chronic  testing.  The  sur- 
vival times  are  listed  in  table  4.  As  fish 
died  in  the  various  chambers,  other  fish 
were  fin-clipped  for  identification  and 
were  placed  in  the  chambers  to  maintain 
[five  animals  per  chamber. 

A  summary  of  the  growth  data  on  fish 
living  for  extended  periods  is  given  in 
table  5.  Means  are  expressed  as  individual 
growth  per  fish  per  day.  The  mean  for 
each  group  was  calculated  as  follows : 
G 


Table  4. — Summary  of  the  chronic-toxicity  tests 

on  bJuntnosc  minnow* 


T 


mean  daily  growth. 


77  =  Total  number  of  days  that  n  fish 

lived. 
G  =  Total  growth  of  n  fish. 
n= Number  of  fish  in  the  group. 

Discussion 

Fish  poisoned  by  endrin  exhibited 
symptoms  clearly  indicative  of  centnil- 
lHMvous-system  disorders.  The  first  indi- 
Cal  ion  of  poisoning  was  an  increase  in  ven- 
tilation rate  accompanied  by  rapid,  jerky 
movements  of  the  body  and  fins.  Almost 
simultaneously,  an  increased  sensitivity  to 
external  stimuli  would  be  noticeable. 
Next,  the  fish  would  move  to  the  surface, 
and    shortly    thereafter    begin    turning 


Concentra- 
tion of  endrin 

Chamber 

Sex 

Initial 

size  (mm. 
S.L.) 

Number 

of  days 

lived 

Growth 
(mm.) 

0.9  p.p.b 

TB-6 

F 
F 
M 

46 
36 
42 
42 
36 
36 

9 
11 
6 
3 
5 
4 

0.75  p.p.b 

TB-6 

F 
M 
M 
M 

41 
36 
37 
38 
38 

9 
9 
10 
29 
9 

0.5  p.p.b 

TB-7 

F 
F 
F 
F 
F 
F 
F 
F 
F 
M 
M 
M 

50 
36 
49 
35 
56 
57 
60 
45 
48 
43 
51 
45 
33 
38 

81 

38 

'290 

'291 

7 

11 

4 

7 

•106 

17 

i  106 

i  105 

11 

6 

8 
23 

3 

5 
5 

0.4  p.p.b 

TB-6 

F 
F 
F 
F 
M 
M 

59 
39 
45 
39 
53 
47 
55 
37 
36 
36 

i  194 
196 

10 
i  107 
1231 
i  196 

11 
8 

10 

12 

0 
13 

3 

19 
8 

0.1  p.p.b 

TB-8 

M 
M 
M 
M 
M 

50 
49 
37 
35 
31 

247 
'291 
1291 
•291 
'291 

21 
23 
32 
33 
35 

0  p.p.b -- 

CB-10 

F 
F 
F 
M 
M 

45 
35 
36 
69 
47 
39 

274 

269 
'291 

'51 
1291 

»62 

14 
23 
19 
5 
20 

i  Killed  at  the  end  of  the  test. 
2  Jumped  out  of  test  chamber. 


Table  &.—Mean  daily  growth  of  bluttinose 
minnows 

lln  millimeters.     Number  in  parentheses  is  number  of  fish  on 
Which  the  mean  is  based] 


Concentration 
of  endrin 

Chamber 

Mean  'inly  growth  of— 

Mates 

Females 

Both 

0.8  p.p.b 

o.t  p.p.b. 

0.1  p.p.b 

TB-7 

TB-6 

TB-8 

OB-10-— 

0.047 

(2) 

.  068 

.102 

(5) 

.  078 
(?) 

ii  060 

(3) 

.083 

(3) 

0.049 

(5) 

.047 

.102 

(5) 

o  p.p.b  ... 

.067 

(3) 

.069 
(5) 
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around  and  around  rather  slowly,  fre- 
quently swimming  backwards.  Convul- 
sions would  follow,  and  between  them  the 
fish  would  vibrate.  The  fins  and  body 
were  not  still  for  a  second,  and  the  fish 
jumped  out  of  the  water  frequently.  Con- 
vulsions would  become  more  severe  and  of 
longer  duration;  finally,  loss  of  equilib- 
rium would  occur.  The  fish  often  lived 
several  hours  after  loss  of  equilibrium, 
and  would  make  periodic  darts  around  the 
chamber,  often  "barrel  rolling"  in  the 
process.  Breathing  would  then  stop,  but 
usually  the  heart  would  continue  to  beat 
for  10  to  15  minutes.  The  body  would  be 
limp  at  this  time,  but  as  rigor  mortis  set 
in,  a  characteristic  bend  in  the  spine  would 
occur  at  about  the  region  of  the  anus,  so 
that  the  body  formed  an  obtuse  angle. 
During  the  period  of  poisoning,  there  was 
a  progressive  darkening  of  body  colora- 
tion until  the  fish  died. 

In  weaker  concentrations,  the  above 
symptoms  were  prolonged  over  several 
weeks.  Some  fish  were  in  the  stage  of  hy- 
peractivity for  many  days.  The  two  fe- 
males that  lived  290  and  291  days  in  0.5 
p.p.b.  (table  4)  were  in  such  a  state  for  2 
months.  They  became  emaciated;  their 
abdomens  caved  in  so  that  they  appeared 
humpbacked.  (This  may  have  been  an 
illusion  due  to  the  hollow  abdomens.) 
When  food  was  dropped  into  the  chamber, 
they  attempted  to  feed,  but  usually  they 
were  unable  to  grasp  the  food,  often  miss- 
ing it  completely,  as  if  their  coordination 
were  impaired.  For  a  period  of  several 
weeks  they  ate  little  if  anything.  On  June 
10,  1959,  two  fish  were  put  into  the  cham- 
ber with  them.  The  latter  two  died  within 
11  days,  but  the  original  two  females  be- 
gan to  feed,  and  by  July  1,  had  begun  to 
gain  weight  and  appeared  normal.  The 
behavior  of  these  females  during  the  first 
2  months  was  typical  of  many  other  fish 
which  had  a  prolonged  period  of  poisoning 
before  death. 


Because  of  the  limited  facilities,  only 
a  very  small  number  of  fish  could  be  used 
in  the  test;  therefore,  any  conclusions 
drawn  from  the  data  must  be  made  with 
caution.  Small  numbers  were  employed 
to  avoid  crowding  with  the  hope  that  un- 
der these  conditions  the  fish  would  spawn. 

The  high  growth  rates  of  those  fish  in 
0.1  p.p.b.  stand  out  as  the  most  significant 
difference  in  table  5.  This  growth  was 
greater  than  that  of  the  controls,  and  be- 
gan very  early  in  the  test  period.  Fish 
were  not  measured  during  the  test  period 
because  of  the  danger  of  injury.  Unfor- 
tunately, all  the  fish  in  0.1  p.p.b.  were 
males,  and  the  higher  growth  rate  may 
be  due  to  this  fact.  It  is  true,  however, 
that  the  females  grew  more  than  the  males 
in  one  out  of  three  chambers  in  which  both 
sexes  were  present.  This  is  an  indication 
that  the  larger  length-increase  in  0.1  p.p.b. 
endrin  was  not  attributable  to  the  fact 
that  all  were  males.  One  might  postulate 
many  reasons  for  this  growth  rate,  but  the 
significant  point  is  that  these  fish  were  able 
to  grow  in  0.1  p.p.b.  endrin  and,  as  will 
be  pointed  out  later,  showed  some  indica- 
tion of  reproductive  activity. 

The  fish  in  0.1  p.p.b.  endrin  appeared  to 
be  healthy,  and  behaved  in  a  normal  man- 
ner. They  fed  readily  as  soon  as  food  was 
introduced.  When  they  were  examined 
after  being  killed,  there  were  many  fat 
deposits,  especially  around  the  abdominal 
cavity.  These  fish  were  much  fatter  than 
any  of  the  other  fish  tested,  including  the 
controls.  Whether  there  was  any  relation 
between  this  growth  and  the  endrin  is  not 
known.  This  effect  should  be  tested  fur- 
ther with  a  larger  number  of  fish. 

If  we  assume  similar  growth  rates  for 
both  sexes,  the  combined  mean  growth  in- 
crements can  be  compared.  In  0.5  and 
0.4  p.p.b.,  the  growth  rates  were  lower 
than  the  control  group  by  factors  of  ap- 
proximately 0.-71  and  0.68  respectively. 
These  two  concentrations  were  the  ones  in 
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which  a  number  of  fish  died  before  five 
specimens  were  found  that  would  live  in 
them,  whereas  the  first  five  put  into  0.1 
p.p.b.  lived  without  visible  signs  of  poison- 
ing. Eeference  to  table  4  will  show  that 
in  0.5  p.p.b.  9  out  of  14  or  64.3  percent  died, 
and  that  5  out  of  10  or  50  percent  died  in 
0.4  p.p.b.  These  percentages  approximate 
the  96-hour  TL5  values  determined  in  the 
acute-toxicity  testing.  DeWitt  et  al. 
(1960)  stated  that  in  pheasants  the  con- 
centrations of  endrin  producing  acute  and 
chronic  effects  were  almost  identical.  A 
comparison  of  table  4  and  table  9  indi- 
cates that  the  concentrations  producing 
chronic  and  acute  effects  were  very  close 
together  for  the  bluntnose  minnow.  In 
fact,  those  producing  chronic  effects  are  a 
little  higher.  This  is  thought  to  be  attrib- 
utable to  the  time  of  year,  and  to  varia- 
tions in  individual  fishes. 

There  were  five  deaths  which  occurred 
near  the  end  of  the  chronic  testing.  A 
male  in  0.1  p.p.b.  appeared  to  be  in  breed- 
ing condition  before  losing  equilibrium 
after  247  days  in  the  test  chamber.  An 
autopsy  showed  excessive  stored  fat  in  all 
body  parts,  and  sections  of  the  liver  re- 
vealed almost  complete  fatty  vacuolation 
Qf  the  liver.  When  sections  of  the  spleen, 
kidney,  heart,  and  brain  were  compared 
with  sections  from  normal  tissue,  no  dif- 
ference was  noted. 

Four  females  from  the  other  test  cham- 
bers died  in  the  last  20  days  of  the  test. 
They  exhibited  bulging  eyes  and  rapid 
ventilation  rates  before  death.  The  sec- 
tioned viscera  appeared  normal,  the 
ovaries  were  well  developed,  and  there 
were  considerable  fat  deposits. 

Sections  of  the  liver  and  gonads  of  all 
fish  which  were  living  at  the  end  of  the 
test  were  prepared  using  the  paraffin 
method  and  staining  with  hemotoxylin  and 
eosin.  Most  of  the  fish,  except  those  in 
0.4  p.p.b.,  had  considerable  lipid  deposits 
in  the  cells  of  the  liver.     In  some  cases, 


90  percent  of  the  surface  area  of  a  section 
was  blank  space,  which  I  assume  repre- 
sents lipid  material  removed  in  the  alco- 
hol dehydration  process.  Sections  of  liver 
from  fish  recently  taken  from  the  stream 
did  not  show  such  fat  deposits.  In  view 
of  the  low  liver-fat  content  found  in  fish 
in  0.4  p.p.b.  (which  were  in  the  test  cham- 
bers for  shorter  periods  of  time)  and  in 
fish  taken  directly  from  the  stream,  it 
seems  probable  that  this  fatty  vacuolation 
was  caused  by  a  high  lipid  content  in  the 
diet. 

The  effect  of  diet  and  reproductive  con- 
dition on  stored  fat  is  discussed  by  W.  S. 
Hoar  in  Brown's  Physiology  of  the  Fishes 
(1957).  According  to  this  author, 
changes  in  liver  size  due  to  a  change  in  fat 
content,  and  correlated  with  the  seasons, 
has  been  observed  in  several  species.  Ap- 
parently, a  high  fat  content  is  normal  for 
some  fishes,  but  whether  or  not  the  condi- 
tion found  in  these  fish  was  normal  is  not 
known. 

One  male  in  0.4  p.p.b.,  one  in  0.1  p.p.b., 
and  one  in  the  control  group  had  sperma- 
tids in  the  testes  and  moderately  well  de- 
veloped tubercles  on  the  head.  The  other 
males  had  both  primary  and  secondary 
spermatocytes  in  the  testes.  Fighting 
was  common  among  the  males  in  0.1  p.p.b., 
indicating  sexual  activity. 

All  the  females  had  ovaries  in  a  state  of 
maturity  comparable  to  fishes  taken  in  the 
stream.  Several  females  in  TB-6,  TB-7, 
and  CB-10  showed  distention  of  the  ab- 
domen resulting  from  ovarian  develop- 
ment. It  appears,  therefore,  that  endrin 
in  concentrations  of  0.5  p.p.b.  or  less  will 
not  affect  gonadal  development  in  indi- 
viduals which  can  tolerate  such  concentra- 
tions. More  data  are  needed  on  this  aspect 
of  the  subject  before  conclusions  can  be 
reached.  It  must  be  emphasized  that  only 
a  fraction  of  the  fish  were  able  to  live  in 
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1 1.5  and  0.4  p.p.b.  One  fish  in  each  of  these 
con  cent  rations  was  slightly  emaciated,  but 
no  other  physical  effects  were  noted. 

Little  difference  in  activity  was  noted 
between  fish  in  0.1  p.p.b,  and  the  control 
group,  but  fish  in  0.5  and  0.4  p.p.b.  rarely 
stayed  under  the  rocks.  On  the  other 
hand,  the  fish  in  0.1  p.p.b.  and  in  the  con- 
tiol  chamber  normally  stayed  under  the 
rocks  during  daylight  hours.  After  sun- 
down, all  fish  rested  quietly  on  the  bottom 
with  little  movement.  Even  fish  having 
convulsions  became  quiescent  after  the 
room  was  darkened. 

The  increase  in  activity  mentioned  above 
could  have  a  very  detrimental  effect  on  the 
fish  in  their  natural  environment.     If  sub- 


lethal concentrations  of  endrin  were  pres- 
ent in  a  natural  body  of  water,  they  could 
quite  possibly  cause  the  fish  to  leave  their 
normal  habitat  niche  and  be  subjected  to 
predation  and  the  effects  of  current.  The 
bluntnose  spawns  under  objects,  and  such 
an  effect  on  the  activity  could  upset  the 
spawning  behavior  and  result  in  infertile 
eggs  in  this  species.  It  is  also  important 
to  bear  in  mind  that  even  though  the 
gonads  were  maturing,  spawning  did  not 
occur,  so  that  it  cannot  be  concluded  that 
endrin  had  no  effect  on  spawning.  These 
are  matters  that  must  be  investigated  be- 
fore any  conclusions  can  be  drawn  about 
the  effects  of  sublethal  concentrations  on 
reproduction. 


CHRONIC-TOXICITY  TEST  ON  GUPPIES 


Methods  and  equipment 

This  experiment  was  conducted  simul- 
taneously with  the  chronic-toxicity  test  on 
bluntnose  minnows,  from  April  11,  1959, 
to  October  24, 1959,  under  the  same  condi- 
tions. The  water  chemistry  was  the  same 
as  described  earlier."  The  only  differences 
were  in  the  number  and  size  of  test  cham- 
bers, and  the  endrin  concentrations  used. 
Guppy  test  chambers  were  10  by  12  by  6 
inches  and  held  approximately  9  liters 
at  test  level;  the  flow  rate  was  6  ml.  per 
minute.  Paired  chambers  (designated  by 
the  letters  "A"  and  "B"  after  the  number) 
were  fed  by  one  reservoir  and  emptied 
through  a  common  constant-level  cham- 
ber. Test  chambers  were  half  as  large  as 
those  used  for  bluntnose  chambers;  two 
test  chambers  could  be  supplied  for  the 
same  period  of  time  by  one  reservoir  of  the 
same  size  as  those  used  for  the  bluntnose 
minnow  tests.  Six  pairs  of  chambers  (five 
pairs  of  test  chambers  and  one  pair  for 
controls)  were  used  in  these  tests. 

The  chronic-toxicity  test  was  begun  by 
assigning  five  1-  to  7-day-old  guppies  at 


random  to  the  test  chambers.  Initially, 
endrin  concentrations  of  0.9,  0.75,  0.5,  0.25, 
and  0.1  p.p.b.  were  used.  It  was  soon  ap- 
parent that  0.9  and  0.75  p.p.b.  were  too 
high,  so  a  0.4  p.p.b.  concentration  was  in- 
cluded. The  guppies  used  were  produced 
from  breeders  obtained  from  a  local  trop- 
ical-fish store. 

Results 

Before  proceeding  with  the  discussion 
of  the  data,  it  must  be  stated  that  the 
guppy  test  data  should  be  interpreted  cau- 
tiously because  the  animals  became  dis- 
eased, which  probably  affected  some  of  the 
results.  I  first  became  aware  of  this  dis- 
ease early  in  September  when  the  females 
in  the  control  group  began  to  appear  dark 
in  color,  behave  abnormally,  and  lose 
weight.  They  swam  slowly  about  and 
stayed  near  the  bottom,  frequently  with 
the  head  lower  than  the  rest  of  the  body. 
Immediately  before  they  died,  their  ab- 
domens became  distended,  their  scales 
stood  perpendicular  to  the  body,  and  the 
fish  came  to  the  water  surface.     The  same 
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symptoms  appeared  in  fish  in  other  cham- 
bers and  were  followed  by  death.  Exami- 
nation of  the  dead  fish  revealed  that  the 
kidneys  were  enlarged  and  that  there  was 
an  edema  of  the  body  cavity.  Axelrod  and 
Schultz  (1955,  p.  142)  describe  a  disease 
called  dropsy,  which  has  symptoms  similar 
to  those  observed  in  these  test  fish.  The 
cause  of  this  disease  is  thought  to  be  a 
primary  virus  infection  accompanied  by  a 
secondary  bacterial  infection.  Upon 
checking  back  in  my  records,  I  found  that 
some  of  the  recorded  descriptions  of  dying 
fish  indicated  that  deaths  may  have  been 
due  to  the  disease  as  far  back  as  the  first 
of  August.  The  disease  seemed  to  affect 
sexually  maturing  females  first  and  then 
the  males.  Because  of  this  disease,  the 
chronic  study  on  the  guppies  had  to  be 
discontinued  on  October  24* 1959. 

The  question  arises  how  the  results  of 
the  guppy  tests  should  be  treated.  Table 
6  lists  the  fish  which  died  in  0.9  and  0.75 
p.p.b.  Since  the  fish  in  these  tests  did  not 
live  for  long,  and  since  these  tests  were 
completed  at  least  a  full  month  before  the 
disease  was  first  observed,  the  results  are 
probably  reasonably  accurate.  At  the  time 
these  tests  were  conducted,  all  fish  in  all 
chambers  appeared  healthy  and  normal, 
and  those  in  the  lower  concentrations  of 
endrin  and  in  the  control  chambers  were 
growing  normally. 

Table  7  presents  the  data  for  the  lower 
concentrations  of  endrin  tested.  Here 
the  disease  no  doubt  was  an  important 
factor.  For  instance,  in  0.25  p.p.b.  there 
is  a  rather  uniform  progression  of  deaths 
with  time;  this  is  probably  due  to  the  dis- 
ease, since  the  more  usual  pattern  of  deaths 
due  to  endrin,  in  both  species,  was  numer- 
ous deaths  within  the  first  few  weeks  and 
then  long  periods  before  other  deaths  oc- 
curred. In  view  of  the  disease  factor,  no 
data  have  been  given  on  growth  rates, 
other  than  to  indicate  the  fishes  which  at- 
tained sexual  maturity. 


Perhaps  the  most  significant  point  to  be 
inferred  from  the  data  is  that  if  diseased 
fish  were  able  to  grow  and  reach  sexual 
maturity  in  various  concentrations  from 
0.5  to  0.1  p.p.b.,  then  normal  fish  ought  to 
survive  and  grow  in  at  least  those  concen- 
trations, if  not  in  slightly  higher  concen- 
trations. 

Discussion   of  data 

Inspection  of  the  data  given  in  table  6 
for  the  two  highest  concentrations  indi- 
cates that  the  adults  were  significantly 
more  tolerant  than  the  young.  The  rea- 
sons for  this  increased  tolerance  in  the 
larger  fish  are  not  known. 

A  comparison  of  mean  survival  times  in 
all  concentrations  shows  an  inverse  rela- 
tion between  concentration  and  survival. 
If  the  mean  survival  times  (tables  6  and 
7)  are  plotted  against  the  logarithm  of  the 
concentration,  the  points  fall  along  a 
straight  line,  which  is  often  the  case  in 
toxicological  studies. 


Table  6. — Survival  of  guppies   in  0.9  and  0.75 
p.p.b.  endrin 


Initial  age 

Survival  time 

of  each  fish 

in  days 

Mean  sur- 
vival in 
days 

0.9  p.p.b.  concentration  of  en- 
drin: 

3-3-3-3-2 

3-4-4-5-6 

4—4-4-4 

4-4-4-4HL-]"! 

7-9 

2.8 

4.4 

4.0 

4.0 

8.0 

Adult  females - 

8-11-13 

10.6 

3.8 

0.75  p.p.b.  concentration  of  en- 
drin: 

3-3-4-4 

11-16-18-18-18. 

3-3-3-4-4 

3-3-4-4 

8-10-18-24 

11-14-17-20 

3.5 

16.2 

3.4 

1-7  days 

3.5 

15.0 

Adult  females 

15.5 

Mean  for  1-7  day  fish 

6.6 

The  comparison  of  mean  survival  does 
not  give  a  true  picture  of  the  toxicity  of 
endrin,  however.  It  was  mentioned  ear- 
lier that  most  deaths  occurred  at  the  be- 
ginning of  the  test  period.     This  is  es- 
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Table  7.— Survival  of  guppies  in  0.5,  04, 
0.1  p.p.b.  of  endrin 

0.25  and 

Initial  age 

Number  of  days  each  fish 
survived 

Mean 
survival 

in 
days** 

0.5  p.p.b.  concentra- 
tion of  endrin: 

4-4-4-5-172*. 

4.3 

4_5_6_6-6_- 

5.4 

Do 

6-6-7-8-8-9-9-9 

7.8 

Do 

5-6-7-7-8-9-9-9-10 

7.8 

Do 

Do 

Do— 

Do 

5-5-6-6-7-7-7-11-14-28 

13-17  -  20  - 122*  - 122*  - 122*  - 

122*-122*-122*-122* 
8-11-12-13-18-24-24-25-41  - 

41 
25  -  45  -  122*  -  122*  -  122*  - 

122*-122*-122*-122*-122*. 
5-8-11-82-101--- 

9.6 
16.6 

21.7 

Do 

35.0 

41.4 

Do 

25-26-24-154*. 

105.8 

25.0 

Adult  females 

31-39-40-44-154*-154* 

38.5 

Mean  for  1-7  day 
fish              

25.5 

0.4  p.p.b.  concentra- 
tion of  endrin: 
1-7  days 

6  -  10  -  15  -  30  -  32  -  32  - 

137M37M37*. 
7-10-26-42-92-129  9 -137*  9  - - 
62-83-87-101*9-101*9- 

101*9  -101*cf  -  101V  - 

101V-101V. 

20.8 

Do --- 

51.0 

Do  ...  

77.3 

49.7 

0.25  p.p.b.  concentra- 
tion of  endrin: 

5-80-146cM63*cf-17fiV— - 

55-61-163  9-196* cT196*cf 

12  -  44  -  45  -  60  -  64  -  70  -  81- 
83-97-122*. 

77.0 

Do 

93.0 

Do 

61.8 

77.3 

0.1  p.p.b.  concentra- 
tion of  endrin: 
1-7  days 

108  -  102*  -  122*  -  122*- 

122*-122*-122*-122*-122*. 

41-70-1 32  9  -188  9  -196*  (?.__. 

110  9-118  9-169  9-196*c?— - 

108 

Do.. 

108 

Do 

132.3 

Mean 

116.1 

0  p.p.b.  concentra- 
tion of  endrin: 
1-7  days 

12-70  9  -159  9-191  cf -196*0"-  - 
168  9 -170  9 -177  ci1-^^ 

108 

Do.... 

162.8 

Mean 

135.4 

*Fish  were  killed  at  the  end  of  the  test. 
**Fish  which  were  living  at  the  end  of  the  test  are  not  included 
in  the  calculation  of  mean  survival. 

pecially  noticeable  in  0.5  p.p.b.  of  endrin. 
An  inspection  of  the  individual  survival 
times  in  table  7  reveals  that,  in  general,  fish 
which  survived  30  days  were  likely  to  sur- 
vive much  longer.  This  pattern  would  be 
even  more  definite  if  the  disease  had  not 
been  present.  A  discussion  of  the  cumu- 
lative effects  of  endrin  will  be  found  in  the 
section  beginning  on  page  29. 

Such  evidence,  plus  data  on  sublethal 
effects  presented  in  a  later  chapter,  indi- 
cate that  the  threshold  falls  in  a  rather 
narrow  range  of  concentrations  near  0.5 


p.p.b.  endrin.  Above  this  threshold  the 
fish  die,  and  below  it  the  fish  live  with  few 
physical  effects. 

The  data  are  too  scanty  to  draw  any 
conclusions  concerning  a  sexual  difference 
in  tolerance.  On  the  basis  of  a  cursory 
examination  of  the  tables,  it  seems  that 
there  is  no  appreciable  difference  between 
the  sexes. 

The  only  data  on  reproduction  were  ob- 
tained from  the  adults  used  in  the  tests. 
Some  of  the  adult  females  were  pregnant 
when  placed  in  the  test  solutions,  but  of 
six  females  which  bore  young,  only  one 
bore  a  second  litter.  This  female  was  in 
0.5  p.p.b.  of  endrin.  There  were  six  in 
the  first  litter,  all  normal  in  appearance. 
In  the  second  litter,  6  of  the  12  had  large 
yolk  sacs  and  were  probably  premature. 
However,  the  rate  of  survival  of  these 
young  was  about  the  same  as  for  normal 
ones.  The  young  born  from  the  other  five 
females  (two  .in  0.75  p.p.b.  and  three  in 
0.5  p.p.b.)  had  survival  rates  similar  to 
normal  young  also.  (No  adult  females 
were  put  into  the  two  lower  concentra- 
tions.) Whether  the  effect  of  the  endrin 
is  on  the  egg  or  on  the  sperm  is  not  known. 
Males  frequently  attempted  to  copulate 
with  the  females.  Of  the  females  which 
grew  to  sexual  maturity  in  concentrations 
of  endrin,  most  contained  well-developed 
eggs  when  they  died.  (Death  presumably 
was  due  to  the  disease.) 

Fish  were  not  measured  during  the  tests, 
so  their  growth  rates  are  not  known. 
However,  the  two  highest  concentrations 
definitely  retarded  or  stopped  growth. 
Several  fish  in  0.5  p.p.b.  grew  very  little. 
One  was  126  days  old  when  killed  and 
measured  only  8  mm.  standard  length,  this 
size  being  no  larger  than  that  of  many 
normal  guppies  at  birth.  Since  I  have 
noted  similar  stunting  in  the  past  under 
normal  aquarium  conditions,  this  may  not 
have  been  caused  by  endrin. 

The  symptoms  of  poisoning  were  very 
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similar  to  those  described  for  bluntnose 
minnows,  with  one  notable  exception. 
Guppies  went  to  the  bottom,  whereas 
bluntnose  minnows  went  to  the  surface. 
This  was  unusual,  because  bluntnose  min- 
nows are  bottom  feeders  and  guppies  are 
surface  feeders. 

No  data  were  obtained  on  increased  re- 
sistance in  offspring  of  fish  chronically  ex- 
posed to  endrin.  I  planned  to  run  tests  on 
offspring  of  fish  raised  in  endrin  to  deter- 
mine whether  there  was  increased  toler- 
ance, but  unfortunately  no  young  were 
obtained  for  these  tests.  The  only  avail- 
able data  on  this  aspect  of  the  subject  come 


from  observations  of  fishes  put  into  test 
solutions.  Without  exception,  the  fish 
that  survived  for  long  periods  in  0.5  p.p.b. 
endrin  went  through  a  period  of  poisoning 
with  symptoms  like  those  described  on 
page  12,  for  the  females  in  TB-7.  Like 
the  female  bluntnose,  the  guppies  returned 
to  normal  appearance  and  behavior  after 
a  period  of  time.  Hyperactivity  and 
slight  hypersensitivity  were  the  only  ab- 
normal types  of  behavior  noticed.  If  after 
the  initial  period  endrin's  effect  is  all  or 
none,  as  I  have  postulated  earlier,  then 
one  would  not  expect  tolerance  to  increase 
to  any  great  extent. 


ACUTE-TOXICITY  TESTS  ON  BLUNTNOSE  MINNOWS 


Objective 

The  objective  of  this  part  of  the  inves- 
tigation was  to  determine  whether  there 
were  significant  differences  between  the 
various  size  groups  in  their  acute  toler- 
ances to  endrin. 


tinuous-flow  systems  hold  these  factors  to 
a  constant  minimum,  and  while  these  fac- 
tors are  not  eliminated  in  absolute  terms, 
they  are  eliminated  as  variables.  If 
aeration  is  necessary,  the  continuous-flow 
system  has  a  distinct  advantage. 


Methods  and  equipment 

Continuous-flow  tests  were  used  to  deter- 
mine the  endrin-toxicity  values  for  various 
size  groups  of  bluntnose  minnows.  The 
necessity  of  using  a  continuous-flow  sys- 
tem as  opposed  to  a  static  or  nonflowing 
system  is  often  questioned.  Henderson 
and  Tarzwell  (1957)  suggest  a  static  test, 
probably  because  it  is  quicker  and  easier. 
When  testing  volatile  substances  there  is 
a  loss  due  to  evaporation.  If  aeration  is 
necessary  (as  it  often  is  if  dissolved  oxy- 
gen is  to  be  maintained  at  5  p.p.m.  or 
higher)  the  loss  may  become  appreciable. 
When  aeration  is  needed,  the  above-men- 
tioned authors  suggest  a  slow  stream  of 
pure  oxygen,  but  the  use  of  oxygen  is  very 
bothersome.  Other  problems  arising  in 
static  testing  are  the  accumulation  of 
excretory  products,  especially  carbon  di- 
oxide, and  the  growth  of  bacteria.     Con- 
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Figure  4. — Diagram  of  continuous-flow    system 
used  for  acute  testing. 
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Sometimes  the  amount  of  a  toxic  sub- 
Btance  absorbed  by  the  test  animals  in 
static  tests  becomes  significant,  and  the 
continuous  How  will  offset  this  effect  also. 
In  this  test  I  suspected  that  the  differences 
between  size  groups  would  be  slight,  if 
they  occured  at  all.  The  continuous-flow 
system  was  used,  therefore,  to  minimize  the 
lowering  of  the  endrin  concentration  by 
absorption. 

The  test  chambers  were  5-gallon  glass 
jugs  cut  off  at  a  height  of  12  inches.  An 
overflow  hole  was  drilled  6  inches  from 
the  bottom ;  the  capacity  at  overflow  level 
was  approximately  9  liters.  These  test 
chambers  were  placed  in  a  large  water 
bath  which  was  maintained  at  22.2°  C, 
plus  or  minus  1°  C.  These  chambers  were 
supplied  from  a  5-gallon  glass  jug  reser- 
voir placed  on  a  rack  above  them.  Water 
was  siphoned  from  the  reservoir,  and  the 
flow  was  controlled  by  means  of  a  small 
glass  jet.  Constant  pressure  was  main- 
tained in  the  siphon  by  stoppering  the  res- 
ervoir and  running  the  air  tube  to  the 
bottom  of  the  jug.  In  this  way  the  pres- 
sure on  the  siphon  was  a  head  of  water 
equal  to  the  vertical  distance  from  the  end 
of  the  air  tube  to  the  end  of  the  siphon. 
Pressure  was  independent  of  the  water 
level  so  long  as  the  level  was  above  the 
end  of  the  air  tube.  This  system  gave  a 
very  constant  pressure  as  the  jug  emptied. 
All  water  lines  were  made  of  glass,  with 
flexible  joints  made  of  tygon  tubing. 
When  the  flow  was  10  ml.  per  minute,  one 
5-gallon  jug  held  a  32-hour  supply. 

There  were  two  jugs  for  each  test  cham- 
ber, the  siphon  and  air  tube  being  trans- 
ferred from  one  to  the  other.  This  made 
it  possible  to  fill  one  jug  24  hours  in  ad- 
vance of  its  use,  which  was  sufficient  time 
for  the  water  to  warm  to  room  temperature 
and  for  the  free  chlorine  to  escape.  Each 
test  chamber  was  aerated  at  a  uniform  rate 
with  a  glass  air  jet,  This  aeration  also  en- 
sured adequate  mixing.     Five  test  cham- 


bers were  used,  one  as  a  control  and  four 
as  test  chambers. 

A  stock  solution  of  endrin  in  alcohol 
was  made  for  each  test  chamber,  using 
the  initial  stock  solution  of  0.1  mg.  of  en- 
drin per  milliliter  of  95-percent  alcohol. 
Additional  alcohol  was  added  so  that  equal 
volumes  of  the  stock  solutions  added  to 
each  reservoir  wrould  give  the  desired  con- 
centration. This  volume  was  0.00001  ml. 
of  stock  solution  per  milliliter  of  water. 
This  gave  a  uniform  concentration  of  al- 
cohol in  water  in  each  chamber.  The 
measured  amount  of  solution  was  placed 
on  a  glass  stirring  rod  and  lowered  into 
the  reservoir.  The  same  volume  of  pure 
9 5 -percent  ethyl  alcohol  was  added  to  the 
control.  Five  fish  were  assigned  to  each 
testing  chamber  by  the  use  of  a  table  of 
random  numbers. 

The  tests  followed  the  basic  routine 
described  by  Henderson  and  Tarzwell 
(1957).  Fish  were  held  for  at  least  2 
weeks  at  22.2°  C.  before  testing.  They 
wTere  not  fed  for  48  hours  prior  to  testing 
nor  during  the  test.  Alkalinity,  pH,  dis- 
solved oxygen,  and  free  carbon  dioxide 
were  measured  at  the  beginning  of  the  test, 
again  when  the  fish  began  to  die,  and 
finally  at  the  end  of  the  test.  The  96-hour 
TL^  values  were  determined  by  straight- 
line  graphic  interpolation.  The  concen- 
tration of  endrin  was  plotted  on  a  log  scale 
and  percent  survival  on  a  linear  scale.  A 
line  was  drawn  between  the  two  points 
bracketing  the  50-percent  survival  concen- 
tration, and  the  point  on  the  concentration 
scale  at  wThich  this  line  crossed  the  50- 
percent  survival  level  was  read  as  the 
96-hour  TLs  value.  Percent  survival  was 
calculated  as  the  percent  living  in  each 
chamber  after  exactly  96  hours.  In  all 
cases  fish  were  clearly  alive  or  dead,  and 
there  was  no  problem  with  borderline 
cases. 

The  chemical  properties  of  the  water 
are  listed  in  tables  1  and  8.    All  determi- 
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Table  8. — Chemical  characteristics  of  the  water 
in  the  acute-toxicity  test  chambers 

[All  values,  except  pH,  are  expressed  in  p. p.m.    These  values 
are  based  on  27  determinations] 


Characteristic 


Dissolved  oxygen  .  _ 

Free  carbon  dioxide 

Phenolphthalein  alkalinity. 
Methyl  orange  alkalinity.. . 

Total  alkalinity 

PH 


Range 


6.  4-9. 1 

1.0-0 

0-14.0 
11.0-32.0 
17.0-33.0 
*7.  5-9.  0 


Mean 


7.5 
.5 

4.1 
23.2 
27.3 

8.4 


♦The  high  pH  was  present  only  for  the  first  few  minutes  of  the 
test  until  aeration  reduced  it. 

nations  were  made  by  use  of  techniques 
listed  in  Welch  (1948).  The  unmodified 
Winkler  method  was  used  for  dissolved 
oxygen,  and  the  pH  determinations  were 
made  colorimetrically  as  described  earlier. 
All  fish  used  were  collected  from  the 
same  pool  in  Rocky  Fork  Creek  as  were 
the  animals  used  in  the  chronic-toxicity 
study.  With  few  exceptions,  all  fish  were 
heavily  parasitized  by  tapeworms  (Plero- 
cercoids  of  Proteocephalus)  in  the  mesen- 
teries. These  parasites  did  not  noticeably 
affect  the  fish,  all  of  which  appeared  very 
healthy.  On  four  occasions  large  num- 
bers of  fish  (200  to  500)  wTere  brought  into 
the  laboratory,  and  each  time  not  more 
than  10  died  during  the  acclimation  pe- 
riod. These  died  within  the  first  few  days, 
probably  as  a  result  of  injury  when  cap- 
tured. No  deaths  occurred  in  the  control 
chamber  during  the  testing.  The  fish  were 
fed  ground  dog-chow  checker's  during  the 
acclimation  period  before  testing.  Only 
three  size  groups  were  available,  with 
mean  sizes  of  29.8,  40.6,  and  59.8  mm. 
standard  length;  these  are  designated 
size  groups  1,  2,  and  3  in  table  9.  Fish 
were  preserved  in  10-percent  formalin  and 
were  measured  to  the  nearest  millimeter, 
standard  length. 

Results   and   discussion 

Table  9  summarizes  the  data  and  analy- 
sis of  variance  for  the  acute  tests  (Snede- 
cor,  1946).  Appendix  1  lists  the  raw  data 
from  the  tests.    Each  96-hour  TL-  value 


Table   9. — Data   and   analysis   of   variance  for 
acute-toxicity   tests  on   bluntnose   minnows 

A.  96  hour  TLm  values 
[Values  expressed  in  p.p.b.  endrin  in  water] 


Size 

group  1 

(29.8  mm. 

mean 

S.L.) 

Size 

group  2 

(40.6  mm. 

mean 

S.L.) 

Size 

group  3 

(59.8  mm. 

mean 

S.L.) 

Sum 

Mean 

Test  1 

.26 
.28 
.28 

.35 
.24 
.28 

.51 
.43 
.46 

1.12 

.95 

1.02 

.37 

Test  2.... 

.32 

Test  3 

.34 

Sum 

.82 
.27 

.87 
.29 

1.40 
.47 

3.09 

Mean 

.34 

B.  Summary  table  for  analysis  of  variance 


Source 


Total 

Group 

Test 

Discrepancy- 


Degrees  of 
freedom 


Sum  of 
squares 


0.  0786 


.0049 
,0048 


Mean 
square 


0.  0345 
.0025 
.0012 


F  value  for  groups =28. 75. 

Foi  value  with  2  and  4  degrees  freedom =18. 00. 


is  based  on  five  fish  in  each  of  four  con- 
centrations. Eight  preliminary  tests  were 
run  before  a  suitable  range  of  concentra- 
tions was  found. 

The  F  value  for  between  groups  exceeds 
the  value  of  F  at  the  0.01-percent  level, 
with  two  and  four  degrees  of  freedom,  in- 
dicating a  probable  difference  in  the  toler- 
ance of  various  sizes.  This  difference, 
while  detectable,  is  not  large  enough  to  be 
of  importance  in  setting  safe  levels  for 
natural  bodies  of  water. 

No  statistical  test  is  available  to  deter- 
mine the  effect  of  acclimation  period  on 
the  toxicity  in  this  case.  An  inspection  of 
table  9  indicates  that  t he  variation  within 
any  group  is  not  nearly  as  great  as  between 
certain  groups.  As  an  example,  the  first 
TL-  value  listed  under  size  group  3  is  for 
fish  held  14  days  before  testing.  The 
third  value  in  the  same  group  is  for  fish 
held  57  days  before  testing.  Both  groups 
were  from  the  same  collection  of  Janu- 
ary 1,  I960.  Reference  to  appendix  table 
1,  tests  S-ll  and  S-17,  will  show  that  the 
mean  sizes  of  these  two  groups  were  63.4 
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and  58.9  mm.,  standard  length.  The  dif- 
ference in  TLE  values  could  be  due  in  part 
ize  differences.  Since  the  maximum 
variation  of  TL-  values  within  any  group 
is  not  more  than  0.09  p.p.b.,  the  length  of 
the  acclimation  period  beyond  14  days 
(recommended  by  Henderson  and  Tarz- 
well,  1957)  does  not  introduce  variation  of 
practical  significance. 

The  effect  of  temperature  on  toxicity 
was  investigated  by  Iyatomi  et  al.  (1958), 
who  found  that  a  decrease  of  20°  C,  from 
27°  C.  to  7°  C,  caused  the  tolerance  of  7- 
to  8 -centimeter  carp  to  increase  by  a  factor 
of  28.  It  is  doubtful  whether  this  differ- 
ence would  be  as  great  in  longer  exposures. 
The  effect  of  temperature  should  be  in- 
vestigated further. 

From  table  4  and  appendix  table  1  it 
is  clear  that  the  fish  used  in  the  chronic- 
toxicity  test  were  more  tolerant  to  endrin 
than  those  used  in  the  acute-toxicity  tests. 
At  first  it  seemed  most  probable  that  the 
lower  tolerances  of  the  fish  in  the  acute 
tests  were  caused  by  physiological  changes 
in  the  fish  as  a  result  of  the  colder  weather, 
since  all  fish  used  in  the  acute  tests  were 
collected  on  December  6,  1959,  and  Jan- 
uary 1,  1960.  If  this  were  the  case,  one 
would  expect  the  acute  TL_  values  to 
change  as  the  fish  were  held  for  longer 


periods.  This  does  not  appear  to  be  the 
case,  as  mentioned  above. 

There  are  three  other  possible  causes  for 
this  difference:  (1)  The  fish  used  in  the 
chronic-toxicity  tests  were  not  parasitized 
and  may  have  been  in  better  physical  con- 
dition. (2)  The  fish  used  in  the  chronic- 
toxicity  tests  were  from  smaller  popula- 
tions in  less  crowded  conditions.  The 
stream  population  was  extraordinarily 
large  when  the  fish  used  in  the  acute- 
toxicity  tests  were  collected.  Langlois 
(1951)  reported  that  bluegills  living  in 
crowded  conditions  were  less  hardy.  (3) 
The  toxic  effect  of  endrin  may  be  affected 
by  the  reproductive  physiology.  What- 
ever the  cause  of  the  reduced  tolerance,  the 
effect  should  have  been  the  same  for  all 
groups,  and  therefore  the  difference  found 
between  size  groups  should  be  a  true  one. 

Since  bluntnose  minnows  cannot  be 
sexed  by  external  characters,  except  dur- 
ing the  breeding  season,  any  sexual  dif- 
ferences in  the  tolerance  to  endrin  must 
be  obtained  from  the  acute  toxicity  tests. 
Sexually  mature  fish  were  used  in  five 
acute-toxicity  tests,  and  the  mean  survival 
time  of  both  the  56  females  and  the  44 
males  used  in  these  tests  was  3.2  days. 
Treon,  Cleveland,  and  Cappel  (1955)  and 
others  found  that  in  mammals  there  is  a 
sexual  difference  in  tolerance  to  endrin. 


EFFECT  OF  ENDRIN  ON  OXYGEN  CONSUMPTION 


Objective 

The  objective  of  this  part  of  the  inves- 
tigation was  to  determine  whether  endrin 
has  any  effect  on  the  rate  of  oxygen  con- 
sumption. The  large  increase  in  the  ven- 
tilation rate  indicated  that  the  fish  might 
be  using  more  oxygen. 

Methods  and  equipment 

A  system  similar  to  the  one  described 
by  Keys  (1930)  was  modified  and  used  for 


these  oxygen-consumption  tests.  The 
basic  plan  was  to  measure  the  difference 
in  the  dissolved  oxygen  in  the  effluent  of 
two  closed  chambers,  one  containing  a  fish 
and  one  without  a  fish.  A  reservoir  and 
constant-head  chamber  were  used  as  a 
water  supply  for  the  oxygen  tests  (fig. 
5).  The  water  was  aerated  with  com- 
pressed air  in  the  constant-head  cham- 
ber. Two  1-quart  glass  jars  with  stoppers 
served  as  test  chambers.  They  were  sub- 
merged in  a  water  bath  which  was  main- 
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Figure  5. — Diagram  of  apparatus  used  to  measure  oxygen  consumption. 


tained  at  24°  C.  by  a  commercial  aquarium 
heater.  Temperature  stayed  within  the 
range  of  23°  to  24°  C.  Each  jar  was  placed 
on  its  side,  and  water  was  introduced  into 
the  stoppered  end  through  a  siphon  and  re- 
moved by  another  syphon  leading  from 
the  top  of  the  closed  end.  The  test-cham- 
ber effluent  was  filtered  through  a  glass- 
wool  filter  which  was  cleaned  every  2  days 
to  prevent  bacterial  growths.  Flow  rates 
were  regulated  by  means  of  small  glass 
jets,  and  were  measured  with  a  10-ml.- 
capacity  graduated  cylinder.  A  flow  rate 
of  6  ml.  or  12  ml.  a  minute  was  used,  de- 
pending on  the  size  of  the  fish  being  tested. 
If  a  flow  rate  of  12  ml.  a  minute  was  used, 


the  flow  was  measured  for  30  seconds  three 
consecutive  times  and  the  average  of  the 
three  readings  was  used.  If  a  flow  of  6 
ml.  a  minute  was  used,  the  flow  was 
measured  one  time  for  a  period  of  1  min- 
ute. Measurements  of  flow  rate  were  made 
immediately  after  the  sample  for  oxygen 
determination  was  taken.  The  dissolved- 
oxygen  concentration  of  the  effluent  from 
the  test  chamber  was  approximately  4 
p.p.m.  On  three  occasions  it  went  down 
to  3  p.p.m. 

Sample  bottles,  125-ml.  capacity,  were 
placed  under  the  glass  jets  at  such  a  level 
that  when  the  bottle  was  overflowing  only 
tV  inch  to  -fa  inch  of  the  glass  jet  was  be- 
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aeath  the  surface  of  the  water  in  the  bot- 
tle. In  this  way  the  sample  bottles  could 
be  filled  and  left  under  the  jets  all  the  time 
without  reducing  the  flow  or  admitting 
oxygen  to  the  water.  Sample  bottles  were 
left  under  the  water  jets  for  a  minimum  of 
4  hours  before  the  dissolved  oxygen  was 
determined.  This  method  was  also  advan- 
tageous in  that  the  sample  could  be  re- 
moved before  my  presence  disturbed  the 
fish  and  caused  its  oxygen  consumption  to 
increase.  The  125-ml.  sample  was  repre- 
sentative of  the  preceeding  10  minutes,  or 
20  minutes,  depending  on  the  flow  rate,  and 
therefore  small  increases  of  oxygen  con- 
sumption for  short  periods  did  not  disrupt 
the  determinations.  Methylene  blue  was 
used  several  times  to  determine  whether 
the  water  in  the  sample  bottles  was  being 
completely  mixed  by  the  water  stream.  It 
was  found  that  the  stream  of  water  from 
the  jet  went  to  the  bottom  of  the  sample 
bottle  and  then  moved  outward  and  up- 
ward. By  the  same  method  it  was  found 
that  good  mixing  was  also  taking  place 
in  the  test  chambers. 

The  Winkler  method,  with  a  few  minor 
changes,  was  used  for  dissolved-oxygen 
determinations.  All  volumes  of  the  solu- 
tions used  were  reduced  by  half,  and  N/100 
sodium  thiosulfate  was  used  instead  of 
N/40,  in  order  to  obtain  greater  accuracy. 
One  hundred  milliliters  of  the  sample  were 
measured  with  a  volumetric  pipette  and 
titrated.  Since  oxygen  consumption  was 
based  on  the  difference  between  the  two 
sample  concentrations,  no  correction  for 
loss  of  oxygen  due  to  addition  of  reagents 
was  necessary. 

In  the  first  tests,  the  fish  were  fed 
ground  dog-chow  checkers  daily  through 
a  T- joint  in  the  water  line.  In  later  tests, 
feeding  was  discontinued  because  it  was 
felt  that  it  introduced  too  much  variation 
into  the  consumption  rate.  This  was  true 
even  in  readings  taken  24  hours  after  the 
fish  were  fed.    See  figures  6  through  12. 


The  fish  were  weighed  in  water  on  a 
beam  balance  to  the  nearest  tenth  of  a 
gram  before  the  test  and  were  measured 
and  sexed  after  the  test.  All  fish  used  for 
oxygen-consumption  tests  were  collected 
from  the  same  location  as  those  used  in 
the  other  testing.  They  were  held  at  18° 
to  20°  C.  before  being  tested. 

After  a  fish  had  been  weighed,  it  was 
placed  in  one  test  chamber  and  left  for  a 
few  hours,  usually  overnight.  Then  serial 
measurements  of  its  oxygen  consumption 
were  begun.  Measurements  were  made 
every  24  hours  in  tests  0-1,  0-2,  0-4,  and 
0-5,  and  at  about  12  hour  intervals  in 
tests  0-6,  0-7,  and  0-8.  Disturbances 
were  at  a  minimum  in  the  basement  where 
the  tests  were  conducted.  There  were  few 
vibrations,  because  the  floor  was  concrete. 
The  actual  formula  used  for  determining 
oxygen  consumption  was  as  follows : 

(7x0.8x^x0.698   ,   „ 

rp =ml.  of  oxygen  per  gram 

per  hour. 

C  is  the  difference  in  titration  values 
between  test  and  control  samples. 

0.8  is  a  factor  for  converting  titration 
values  to  mg. 

F        is  the  flow  rate  in  liters  per  hour. 

0.698  is  the  factor  to  convert  milligrams  of 
oxygen  to  milliliters  of  oxygen  un- 
der standard  conditions. 

W       is  the  weight  of  the  fish  in  grams. 

Results 

Table  10-  lists  the  mean  consumption 
rates  for  each  fish  tested.  In  the  first  four 
tests,  the  fish  were  held  in  the  test  chamber 
for  5  to  15  days  in  an  attempt  to  get  a 
constant  consumption  reading.  There  was 
little  change  in  consumption  after  the  first 
few  hours,  however,  so  in  later  tests  the 
period  of  time  before  endrin  was  intro- 
duced was  shortened. 

Although  with  one  exception  the  mean 
oxygen  consumption  is  higher  in  the  pres- 
ence of  endrin  than  under  normal  condi- 
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Figure  6. — Test  0-1.  Oxygen  consumption  of  a 
0.7-gram  female  bluntnose  minnow,  38  mm. 
standard  length.  Fish  was  fed  in  the  evening 
and  consumption  was  determined  at  7  a.m. 
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Figure  7. — Test  0-2.  Oxygen  consumption  of  a 
4.2-gram  male  bluntnose  minnow,  70  mm. 
standard  length.  Fish  was  fed  in  the  evening 
and  consumption  was  determined  at  7  a.m. 

tions,  the  difference  is  not  over  0.06  ml. 
per  gram  per  hour  in  any  case.  Usually 
the  difference  between  means  is  less  than 
the  daily  variation. 

Figures  6  through  12  represent  graph- 
ically the  oxygen  consumption  for  all  fish 
tested.  In  test  0-8,  figure  12,  oxygen  con- 
sumption was  measured  every  4  hours  for 
16  hours  after  endrin  was  added,  but  no 
variation  was  found. 

Discussion 

Harvey  and  Brown  (1951)  report  that 
compounds  related  to  endrin  (aldrin  and 
dieldrin)  cause  a  fivefold  increase  in 
oxygen  consumption  when  injected  into 
the  cockroach.  They  found  a  latent  period 
of  200  to  300  minutes  before  oxygen  con- 
sumption reached  the  peak  and  then  ta- 
pered off  until  death.  No  such  increase 
was  noted  in  the  bluntnose  minnows;  such 
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Figure  8. — Test  CM:.  Oxygen  consumption  of  a 
5-gram  male  bluntnose  minnow,  73  mm.  stand- 
ard length.  Fish  was  fed  approximately  24 
hours  before  consumption  was  determined  at 
7  a.m. 
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Figure  9. — Test  0-5.  Oxygen  consumption  of  a 
2-gram  female  bluntnose  minnow,  56  mm. 
standard  length.  Fish  was  not  fed.  Consump- 
tion was  determined  at  7  a.m. 
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Figure  10. — Test  0-6.  Oxygen  consumption  of  a 
2.6-gram  female  bluntnose  minnow,  60  mm. 
standard  length.  Fish  was  not  fed.  Consump- 
tion was  determined  at  7  a.m.  and  6  p.m. 

increases  as  occurred  were  25  percent  or 
less  above  normal.  Fry,  in  The  Physiology 
of  Fishes  (Brown,  1957),  gives  data  on 
goldfish  which  show  a  fourfold  increase  in 
oxygen  consumption  due  to  activity.  The 
slight  increase  found  here  in  fish  exposed 
to  endrin  would  be  most  logically  attrib- 
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Figure  11.— Test  0-7.  Oxygen  consumption  of  a 
3-gram  male  bluntnose  minnow,  61  mm.  stand- 
ard length.  Fish  was  not  fed.  Consumption 
was  determined  at  7  a.m.  and  6  p.m. 
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Figure  12. — Test  0-8.  Oxygen  consumption  of  a 
3-gram  male  bluntnose  minnow,  61  mm.  stand- 
ard length.  Fish  was  not  fed.  Consumption 
was  determined  at  7  a.m.  and  6  p.m. 

uted  to  the  increased  movement  due  to 
tremors  and  convulsions. 
The  insignificant  increase  in  oxygen  con- 


Table  10. — Mean  oxygen-consumption  rates  of 
bluntnose  minnows 

Tests  0-1  and  0-2:  Fed  12  hours  before  readings  were  taken. 

Test  0-4:  Fed  24  hours  before  readings  were  taken. 

Test  0-5:  No  feeding  for  12  days  before  endrin  was  added. 

Test  0-6:  No  feeding,  killed  after  6  days  in  endrin. 

Test  0-7:  No  feeding  for  1  day  before  endrin  was  added. 

Test  0-8:  No  feeding  for  9  days  before  endrin  was  added. 


Normal 

Con- 

Weight 

Standard 

consump- 

sump- 

Test No. 

in  grams 

length  in 

Sex 

tion 

tion  in 

mm. 

ml/g/hr. 

endrin 
ml/g/hr. 

0-1 

0.7 

38 

F 

0.35 

0.37 

0-2- . . 

4.2 
5.0 
2.0 
2.6 
3.0 

70 
73 
56 
60 
61 

M 
M 

F 
M 
M 

.22 
.23 
.11 
.18 
.20 

.25 

0-4 

.28 

0-5 

.  11 

0-6 

.19 

0-7 

.21 

0-8     . 

3.0 

61 

M 

.13 

.16 

sumption  is  surprising  in  view  of  the  great 
increase  in  ventilation  rate.  No  counts  of 
ventilation  rates  were  feasible  on  small 
fish  with  such  high  rates,  but  it  appeared 
that  the  fish  were  ventilating  at  a  maxi- 
mum rate.  Since  the  ventilation  rate  in- 
creased greatly,  while  the  rate  of  oxygen 
consumption  did  not  increase  significantly, 
and  since  the  ability  of  the  fish  to  work 
was  not  affected,  it  seems  that  the  apparent 
respiratory  distress  must  be  due  to  a 
stimulus  other  than  a  deficiency  of  oxygen 
in  the  tissues.  The  effect  could  be  attrib- 
uted to  accumulation  of  metabolites. 


EFFECT  OF  ENDRIN  ON  SWIMMING  OF  BLUNTNOSE  MINNOWS 


Objective  and  method 

The  object  of  this  experiment  was  to  de- 
termine whether  endrin  reduces  the  ability 
of  fish  to  carry  on  muscular  exercise.  The 
fish  were  forced  to  swim  against  a  current 
in  a  current  tray  (Mount,  1959) .  The  tray 
was  2  feet  wide  by  4  feet  long  by  6  inches 
deep,  with  a  divider  in  the  center.  A 
paddle  wheel  powered  by  a  pump  motor 
propelled  the  water  around  the  tray.  The 
tray  was  modified  slightly  in  that  the  cor- 
ners were  rounded,  thereby  increasing  the 
current  to  approximately  9  inches  per  sec- 
ond. Eddies  and  slow  areas  were  elimi- 
nated by  placing  bricks  on  the  bottom 


under  them,  so  that  the  fish  could  not  rest 
in  currentless  water. 

Test  fish  were  specimens  from  the 
highest  concentrations  of  the  acute-toxic- 
ity  tests  in  which  four  or  five  of  the  fish 
had  survived.  Control  fish  were  taken 
from  the  control  chamber.  Both  groups 
of  fish  had  not  been  fed  for  6  days  before 
testing.  All  testing  on  both  sexes  was  at 
22.2°  C.  The  test  fish  were  distinguished 
from  the  control  fish  by  clipping  opposite 
pelvic  fins  on  each  group.  The  paddle 
wheel  was  started  and  a  periodic  check 
was  made  to  remove  any  dead  or  exhausted 
fish. 
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Results 


The  first  two  tests  were  run  on  fish  30 
to  43  mm.  standard  length,  which  had  been 
in  a  concentration  of  0.2  p.p.b.  endrin  for 
4  days.  In  both  tests  the  test  fish  were 
tremulous.  In  the  first  test  one  fish  died 
after  3.5  hours.  The  other  four  test  fish, 
the  five  controls,  and  all  five  test  fish  and 
the  five  controls  in  the  second  test  swam 
against  the  current  for  48  hours,  at  the 
end  of  which  the  test  was  discontinued. 

In  the  third  test,  four  fish  from  the  test 
chamber  containing  0.4  p.p.b.  endrin  were 
used.  They  were  at  the  surface  and  in  the 
latter  part  of  the  convulsion  stage  when 
the  test  was  begun.  They  ranged  in  size 
from  49  to  75  mm.  standard  length.  Five 
hours  after  the  current  was  started  one 
died,  and  after  8  hours  another  died.  The 
other  two  test  fish  and  the  five  controls 
were  alive  and  normal  after  48  hours. 

The  last  test  was  run  on  five  fish  from 
the  test  chamber  containing  0.4  p.p.b.  en- 
drin.   The  fish  were  in  the  early  stages  of 


convulsions.  One  died  after  24  hours,  but 
the  remaining  four  test  fish  and  the  con- 
trols lived  for  48  hours.  These  fish  ranged 
in  size  from  56  to  59  mm.  standard  length. 

Discussion 

It  is  my  opinion  that  the  three  fish  which 
died  in  the  last  two  test  runs  would  have 
died  if  they  had  been  in  quiet  water.  One 
fish  which  died  in  the  first  test  may  have 
died  from  exhaustion  or  may  have  been  in- 
jured while  being  handled.  In  tests  3  and 
4,  the  fish  stopped  having  convulsions  as 
soon  as  the  current  was  started.  In  test  3 
I  turned  the  current  off  momentarily  after 
about  30  minutes,  and  they  began  having 
convulsions  again. 

The  only  conclusion  which  can  be  drawn 
is  that  in  acute  poisoning  endrin  has  little 
effect  on  the  ability  of  fish  to  swim  against 
a  current.  HowTever,  it  is  possible  that  if 
the  fish  could  have  been  tested  in  a  much 
swifter  current  in  which  even  normal  ani- 
mals became  exhausted,  the  test  fish  would 
have  become  exhausted  first. 


PORT  OF  ENTRY  INTO  AND  DISTRIBUTION  OF  ENDRIN  IN  THE  FISH'S  BODY 


Objective 

The  extreme  toxicity  of  endrin  to  fish 
causes  one  to  wonder  what  the  specific  ac- 
tion of  endrin  might  be.  The  symptoms 
appearing  during  the  period  of  poisoning 
indicate  that  the  effect  is  mediated  through 
the  nervous  system.  In  an  effort  to  gain 
insight  into  this  problem,  an  experiment 
was  conducted  to  determine  the  point  of 
entry  and  the  movement  of  endrin  through 
the  body. 

Methods 

Davidow  and  Sabatino  (1954)  describe 
a  method  of  steam  distillation  by  which 
very  low  concentrations  of  endrin  were  re- 
coverable. When  a  solution  or  material 
containing  an  endrin  residue  is  boiled  in 
an  aqueous  solution  or  slurry,  and  the 


steam  is  condensed  and  collected,  most  of 
the  endrin  is  found  in  the  first  200  ml.  of 
distillate. 

With  slight  modification,  this  method 
was  employed  successfully.  A  1,500-ml. 
Erlenmeyer  flask  was  connected  to  a  Lie- 
big  condenser.  The  material  or  solution  to 
be  extracted  was  placed  in  the  flask.  A 
fraction  of  the  volume  was  collected  as  dis- 
tillate and  the  bioassay  was  run  in  the 
distillate.  After  experimenting  with  solu- 
tions of  known  concentrations,  it  was 
found  that  collection  of  250  ml.  of  dis- 
tillate, regardless  of  the  original  volume, 
gave  satisfactory  recovery.  By  collecting 
250  ml.  of  distillate  from  1,000  ml.  of  solu- 
tion known  to  contain  0.5  p.p.b.  endrin,  it 
was  possible  to  get  a  concentration  of  1.5 
p.p.b.  or  more  in  the  distillate,  as  deter- 
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mined  by  a  fish  bioassay.  This  represents 
a  recovery  of  75  percent  or  more. 

Several  bluntnose  minnows  (with  a  total 
weight  of  8.1  grams)  which  had  died  in 
0.5  p.p.b.  endrin  in  5  days  were  cut  into 
small  pieces  and  put  into  a  flask  with  500 
ml.  of  water.  Two  hundred  and  fifty 
milliliters  of  distillate  were  collected,  and 
a  small  bluntnose  minnow  was  put  into 
this  solution.  At  the  same  time,  another 
small  bluntnose  minnow  was  placed  in  250 
ml.  of  a  solution  containing  a  known  con- 
centration of  2.0  p.p.b.  endrin.  The  fish 
in  the  distillate  died  in  11  hours  and  the 
one  in  the  known  concentration  in  15 
hours,  which  indicated  a  concentration  of 
over  2.0  p.p.b.  in  the  distillate.  Another 
fish  was  added  to  the  distillate,  and  it  died 
in  10  hours.  Other  distillations  were  made 
with  similar  results.  Fish  not  exposed  to 
endrin  were  also  distilled,  but  no  deaths 
occurred  when  the  distillates  were  assayed. 
From  this  evidence  it  was  concluded  that 
the  technique  was  reliable.  It  was  also 
more  sensitive  than  the  best  chemical  test, 
which  is  only  accurate  to  5  p.p.b.  Bio- 
assay also  has  the  advantage  of  being  a 
test  of  toxicity,  which  would  therefore  be 
positive  even  if  the  endrin  were  slightly 
altered  chemically  within  the  fish  or  by 
the  distillation.  A  chemical  test  might 
give  negative  results  if  the  endrin  were 
chemically  altered  (Klein  et  al.,  1956). 

No  attempt  was  made  to  determine 
whether  the  endrin  had  been  chemically 
altered.  One  purpose  of  this  testing  was 
to  estimate  how  much  endrin  accumulates 
in  the  body,  as  an  index  to  the  potential 
danger  of  such  fish  in  the  food  chains  and 
to  man.  So  long  as  the  compound  is  toxic, 
it  makes  little  difference  what  its  specific 
form  may  be.  Some  insecticides  are 
changed  into  different  compounds.  For 
example,  aldrin  is  changed  to  dieldrin  and 
stored  in  the  fat  (Bann  et  al.,  1956). 
Kunze  and  Laug  ( 1953)  found  that  endrin 


"of  a  different  chemical  nature"  occurred 
in  the  kidneys. 

For  the  study  of  endrin's  entry  and  dis- 
tribution within  the  fish,  large  carp  of  ap- 
proximately 40  cm.  standard  length  were 
used.  They  were  "snagged"  from  the 
Scioto  River  at  Columbus  with  treble 
hooks.  Only  those  not  seriously  injured 
were  used  for  testing.  They  were  main- 
tained for  2  or  3  days  before  being  put  into 
endrin.  In  the  test,  a  30-gallon  porcelain 
tub  was  used  for  each  fish.  Twice  daily 
the  tub  was  partially  drained  and  10  gal- 
lons of  fresh  solution  were  added.  The 
temperature  was  approximately  20°  C. ;  no 
attempt  was  made  to  control  it.  The  test 
numbers  in  table  11  represent  the  follow- 
ing exposure  times  to  endrin: 

Concentration     Exposure  time 

in  p.p.b.  in  days 

Test   1 0.0  0.0 

Test  2—, 10.0  2.5 

Test  3 5.0  4.0 

Test  4 5.0  5.0 

Test  5. 2.5  28.0 

Test  1  served  as  a  control  to  establish 
that  no  toxic  substances  other  than  endrin 
were  carried  over  into  the  distillate.  This 
fish  was  killed  and  distilled  immediately 
after  being  captured.  The  fish  in  tests  2, 
3,  and  4  died ;  the  fish  in  tests  1  and  5  were 
killed. 

Immediately  after  death  the  fish  were 
opened.  The  various  organs  were  re- 
moved, weighed  in  water,  mascerated,  and 
placed  one  at  a  time  in  the  flask.  Five 
hundred  milliliters  of  tap  water  were 
added  to  the  flask  and  distilled  until  250 
ml.  of  distillate  had  been  collected.  The 
distillate  was  clear  but  had  a  smell  of  fish 
oil  which  disappeared  after  5  to  10  hours 
at  room  temperature.  All  distillates  were 
left  at  room  temperature  for  approximate- 
ly 12  hours  before  being  assayed. 

Each  distillate  was  diluted  with  tap 
water  so  that  a  250-ml.  aliquot  represented 
the  extract  from  10  grams  of  tissue.     Thus 
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if  there  were  100  grams  of  tissue,  2,250  ml. 
of  tap  water  would  be  added  to  the  250  ml. 
of  distillate,  the  solution  mixed,  and  250 
ml.  aliquot  used  for  the  bioassay.  In  this 
wyay  errors  in  weighing  tissue  wrere  mini- 
mized, and  since  each  250  ml.  sample  rep- 
resented the  extract  from  10  grams  of  tis- 
sue, the  times  of  exposure  to  the  extract 
until  convulsions  set  in  (and  therefore  the 
concentrations)  could  be  compared  di- 
rectly. Ten  grams  was  selected  as  the 
basic  weight  because  this  was  the  usual 
minimum  weight  of  the  smaller  organs. 

The  assay  was  carried  out  in  1 -quart 
glass  jars  at  room  temperature  with  very 
gentle  aeration,  for  a  48-hour  period.  Two 
hundred  and  fifty  milliliters  of  various 
known  concentrations  were  placed  in  sim- 
ilar containers  for  comparison.  In  the 
fourth  test,  enough  endrin  was  added  to 
each  distillate  and  to  the  known  concen- 
trations to  make  a  0.5  p.p.b.  solution.  In 
the  fifth  test,  enough  was  added  to  make  a 
1.0  p.p.b.  solution.  Endrin  wTas  added  for 
two  reasons:  (1)  It  speeded  the  test  but 
did  not  affect  the  results,  since  concentra- 
tions were  determined  by  comparison. 
(2)  It  minimized  the  effect  of  individual 
variability  which  is  less  significant  at 
higher  concentrations.  All  fish  used  in 
the  tests  were  bluntnose  minnows,  20  to 
30  mm.  standard  length,  from  the  lot  col- 
lected on  January  1,  1960,  for  use  in  the 
acute- toxicity  tests.  As  shown  by  the 
acute-toxicity  testing  (appendix  table  1), 
fish  in  this  size-range  showed  little  varia- 
bility in  tolerance.  Daphnia  and  insect 
larvae  were  not  sensitive  enough  for  assay- 
ing the  concentrations.  One  fish  was 
placed  in  each  container  for  the  test. 

The  onset  of  convulsions  proved  to  be 
the  most  satisfactory  end  point.  The 
time  from  the  beginning  of  exposure  until 
the  onset  of  convulsions  was  quite  uniform 
and  predictable  within  a  known  concen- 
tration (see  table  11),  whereas  that  from 
the  beginning  of  exposure  until  death  was 


found  to  be  much  more  variable.  The  lat- 
ter took  longer  for  some  fish  in  10  p.p.b. 
than  for  others  in  5  p.p.b.  Davidow  and 
Schwartzman  (1955)  found  the  same  vari- 
ation in  their  bioassays  with  goldfish,  and 
they  too  used  convulsions  as  the  end  point. 
Tarzwell  and  Henderson  (1956)  used  loss 
of  equilibrium  as  an  end  point.  Klein  et 
al.  (1956)  used  both  convulsions  and  loss 
of  equilibrium  as  end  points.  In  this  in- 
vestigation, loss  of  equilibrium  was  more 
variable  than  onset  of  convulsions. 

Results 

Table  11  summarizes  the  results  of  the 
bioassays  on  the  corp  organs.  In  tests  2, 
3,  and  4,  heart-spleen-blood  (combined), 
digestive  tract,  kidney,  and  liver  ranked 
highest  in  endrin  concentrations.  In  ad- 
dition, in  test  5  the  brain  contained  a 
measurable  amount  of  endrin,  as  did  the 
fat.  In  test  5,  blood  was  tested  sepa- 
rately and  contained  measurable  amounts 
of  endrin,  but  heart-spleen  ranked  higher. 

Table  11. — Bioassay  of  extracts  of  carp  tissues 
using  oluntnose  minnows 

[Tests  were  conducted  for  a  48-hour  period  in  the  extract  from  10 
grams  of  tissue,  except  as  noted.  "Neg."  indicates  that  no  con- 
vulsion occurred  in  48  hours] 


Hours  until  the  onset  of  convulsions  of 
bluntnose  minnows 

Testl 

Test  2 

Test  3 

Test  4 1 

Test  5  2 

Known    concentra- 
tion of  endrin: 
15  p.p.b 

2.75 
3.0 
4.0 

10  p.p.b 

4.5 
6.5 
7.5 

3.0 
4.0 
7.0 

3.25 

5  p.p.b... 

2.5  p.p.b... 

Carp  tissue  extracts: 
Blood 



6.25 
10.75 

8.25 

Brain  3... 

neg. 
neg. 
neg. 

neg. 
neg. 
neg. 

neg. 
neg. 
neg. 

neg. 
10.3 
neg. 

5.25 

7.25 

6.25 

7.0 

9.0 

"~i6."25" 

neg. 
neg. 
neg. 

25.5 
13.0 
48.0 
48.0 
neg. 
nog. 

•  nog. 
neg. 
neg. 

•  19.0 
40.0 
19.0 
19.0 
neg. 
neg. 

s  6.25 

Fat... 

8.75 

Gills 

12.25 

Heart,        spleen, 

?3.25 

Digestive  tract 

10.75 
8  4.00 

7.75 

neg. 

Testes 

1  0.5  p.p.b.  endrin  added. 

*  1  p.p.b.  endrin  added. 

3  Includes  some  fat  in  tests  1,  2,  3,  and  4. 

4  8.5  g.  tissue. 

*  3.2  g.  tissue. 
8  9.5  g.  tissue. 
i  6.2  g.  tissue. 
» 6.5  g.  tissue. 
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In  previous  tests,  blood  was  included  with 
these  two  tissues  so  that  the  total  weight 
was  approximately  15  grams;  therefore, 
the  distillate  had  to  be  diluted  by  one-half. 
This  would  teud  to  mask  out  a  high  con- 
centration in  the  spleen  or  heart. 

Some  error  is  introduced  by  the  varia- 
bility of  the  assay  animals,  and  by  the 
small  size  of  the  sample.  The  four  tests 
do  present  a  consistent  picture,  however, 
and  for  this  reason  are  considered  reliable. 

Discussion 

On  the  basis  of  the  data  in  table  11,  it 
may  be  inferred  that  endrin  is  being  car- 
ried away  from  the  place  of  entry  into  the 
body  by  the  blood.  Of  the  organs  assayed, 
excepting  the  gills,  those  having  a  rich 
blood  supply  contained  the  most  endrin. 
The  high  concentrations  found  in  the  kid- 
ney suggest  that  endrin  may  be  excreted 
through  that  organ.  Other  investigators 
(previously  cited)  have  found  significant 
damage  in  the  kidney,  further  suggesting 
the  importance  of  this  organ  in  the  excre- 
tion of  endrin. 

If  the  kidney  is  the  organ  excreting  en- 
drin from  the  body,  the  high  concentra- 
tion found  in  the  digestive  tract  presents 
a  puzzling  question.  The  gills  gave 
mostly  negative  results.  (The  one  posi- 
tive value  may  have  been  due  to  the  endrin 
added  to  the  distillate.)  It  seems  logical 
that  endrin  would  have  been  detected  in 
the  gills  if  it  were  entering  there.  It  is 
more  probable,  in  view  of  the  evidence, 
that  the  digestive  tract  was  absorbing  the 
endrin.  This  hypothesis  accounts  for  the 
negative  results  of  the  gill  tissue  and  the 
positive  results  of  the  intestinal  tissue. 

Since  the  carp  were  not  fed  during  the 
exposure,  endrin  could  not  have  been  taken 
up  from  the  water  swallowed  in  connec- 
tion with  food  ingestion.  The  statement 
appears  in  Brown's  Physiology  of  the 
Fishes  (1957)  that  "Most  of  the  water  is 
taken  in  through  the  semipermeable  gill 


and  oral  tissues,  although  some  also 
crosses  the  less  permeable  body  sur- 
face .  .  .  The  only  other  water  intake  in 
fresh-water  fishes  is  that  accompanying  or 
bound  in  the  food  swallowed."  There  is 
reason  to  doubt  this  statement,  at  least  in 
the  case  of  some  species  of  fresh-water 
fish.  Both  Ellis  (1937)  and  Allee  and 
Frank  (1948)  have  reliable  data  to  the 
contrary,  that  fresh-water  fish  may  drink 
sizable  amounts  of  water.  The  latter 
workers  showed  this  to  be  the  case  in  gold- 
fish. Since  the  carp  is  closely  related  to 
the  goldfish,  it  is  not  unreasonable  to  as- 
sume that  carp  may  also  drink  water,  even 
when  not  feeding.  Allee  and  Frank  give 
a  complete  summary  of  the  literature  on 
water  intake  by  fresh-water  fish. 

Further  evidence  that  the  digestive  tract 
may  be  the  port  of  entry  is  furnished  by 
Iyatomi  et  al.  (1958)  who  found  that  the 
2-day  larvae  of  carp  are  drastically  differ- 
ent from  6-day-old  fish  in  their  sensitivity 
to  endrin.  They  found  that  the  96-hour 
TLg  value  for  carp  decreased  from  10.7 
p.p.m.  of  endrin  at  2  days  of  age  to  0.046 
p.p.m.  at  6  days  of  age.  This  represents 
a  change  of  toxicity  in  the  order  of  250 
times.  It  is  quite  probable  that  during 
this  4-day  period  the  mouth  became  func- 
tional and  the  larvae  began  to  drink  water 
containing  endrin. 

It  is  also  possible  that  endrin  is  excreted 
by  the  intestine  and  so  appeared  in  the  dis- 
tillate of  the  digestive  tract.  Since  the 
intestine  was  not  emptied  daily,  there 
could  have  been  an  accumulation  of  ex- 
creted endrin  in  the  lumen. 

The  positive  values  for  the  brain  in  test 
5,  and  for  fat  in  tests  2  and  5,  are  in  agree- 
ment with  the  known  storage  of  chlori- 
nated-hydrocarbon insecticides  in  those 
tissues  (Sherman  and  Rosenberg,  1953; 
Kunze  and  Laug,  1953 ;  Treon,  Cleveland, 
and  Cappel,  1955;  and  Bann  et  al.,  1956). 

Nothing  has  been  said  up  to  this  point 
concerning    the    absolute    concentration 
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present  in  the  carp  tissues.  One  must  be 
very  cautious  in  estimating  concentrations 
based  on  bioassay,  especially  with  a  small 
sample.  However,  Klein  et  al.  (1956) 
and  Davidow  and  Sabatino  (1954)  have 
predicted  concentrations  on  the  basis  of 
two  goldfish  in  250  ml.  of  distillate. 
They  found  the  goldfish  to  give  as  reliable 
results  as  assays  using  100  flies. 

Perhaps  an  idea  of  the  order  of  magni- 
tude can  be  obtained  from  the  available 
data.  Only  in  test  5  (table  11)  is  the  time 
until  convulsions  in  the  extract  close 
enough  to  that  in  a  known  solution  to  war- 
rant an  actual  estimate  of  the  concentra- 
tion of  the  extract.  The  time  until  con- 
vulsions in  heart  and  spleen  extract  was 
the  same  as  in  10  p.p.b.  of  endrin.  If  we 
assume  1  ml.  of  water  to  weigh  1  gram, 
there  must  have  been  a  total  of  approxi- 
mately 2.5  micrograms  of  endrin  present. 
Since  the  tissue  weight  was  6.2  grams,  this 
represents  a  concentration  in  the  tissue  of 
approximately  400  p.p.b.  The  concen- 
tration in  the  kidney  would  be  slightly  less, 
as  would  the  concentration  in  the  brain- 
spinal  cord  tissue.  This  represents  a  level 
160  times  more  concentrated  in  the  tissue 
than  in  the  water  in  which  the  fish  was  liv- 
ing. The  evidence  indicates  that  endrin 
is  actively  taken  up  by  some  process  at 
some  point  or  points  in  the  body. 

It  appears  that  if  these  estimates  are 
even  approximately  reliable,  there  would 
be  little  danger  to  mammals  eating  ex- 
posed fish.  These  fish,  eaten  in  normal 
quantities,  would  contain  less  than  a  lethal 


dose  of  endrin.  The  hazard  would  be  fur- 
ther reduced  in  the  case  of  man,  since  he 
normally  eats  only  the  muscle  tissue, 
which  gave  negative  results  in  three  out 
of  four  tests.  Most  cooking  methods 
would  also  evaporate  much  of  the  endrin, 
although  Hunt  and  Bischoff  (1960)  found 
that  baking  fish  in  foil  did  not  remove 
DDD. 

Muscle  from  a  carp  exposed  to  2.5  p.p.b. 
endrin  for  4  weeks  was  fed  to  two  male 
mice  for  3  weeks.  Neither  mouse  showed 
weight  loss  or  any  symptoms  of  poisoning, 
indicating  that  endrin  was  not  present  in 
concentrations  high  enough  to  be  damag- 
ing. Of  course,  little  is  known  about  the 
effects  of  very  minute  amounts  consumed 
by  several  generations  of  animals,  and  it  is 
not  safe  to  draw  a  conclusion  based  on  this 
small  sample. 

In  summary,  this  experiment  showed 
highest  concentrations  of  endrin  in  the 
liver,  heart-spleen,  and  kidney.  These 
findings  agree  with  work  cited  on  page 
4,  in  which  experiments  with  rats 
chronically  exposed  to  endrin  revealed  that 
these  organs  were  the  ones  evidencing 
tissue  damage  or  storage  of  endrin.  The 
presence  of  endrin  in  the  brain  and  fat  in 
test  5  agrees  with  the  work  of  other  in- 
vestigators who  found  that  chlorinated 
hydrocarbons  are  stored  in  the  brain  and 
fat.  However,  the  cited  investigation  on 
mammals  did  not  show  any  damage  or  ac- 
cumulated endrin  in  the  intestine,  whereas 
the  carp  intestine  contained  measurable 
amounts. 


MODE  OF  ACTION  OF  ENDRIN  ON  ANIMALS 


When  a  substance  is  as  toxic  to  an  ani- 
mal as  endrin  is  to  fish,  the  question  arises 
what  the  specific  effect  might  be.  The  con- 
centration toxic  to  fish  is  usually  a  few 
parts  per  billion,  whereas  the  level  toxic  to 
insects  is  in  the  range  of  100  or  more  parts 
per  billion.     It  has  been  found  also  by 


Henderson,     Pickering,     and     Tarzwell 

(1959)  and  Iyatomi  et  al.  (1958)  that  the 
range  of  the  TLm  values  among  species  of 
fishes  tested  is  not  over  5  parts  per  billion. 
Endrin's  toxicity  to  mammals  is  also  less 
than  its  toxicity  to  fish.  Ely  et  al.  (1957) 
reports  1.5  mg./kg.  to  be  toxic  to  cattle, 
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and  Treon,  Cleveland,  and  Cappel  (1955) 
determined  that  43.4  parts  per  million  of 
endrin  in  food  was  toxic  to  rats. 

Hartley  and  Brown  (1955)  reported 
that  endrin  had  no  effect  on  the  cholin- 
esterase  level  in  the  American  cockroach. 
Morrison  and  Brown  (1954)  found  that 
compounds  related  to  endrin  had  no  effect 
on  the  cytochrome  oxidase  level  in  the 
same  animal.  Nelson  (1955)  states  that 
serum  alkaline  phosphatase  levels  were 
higher  in  test  than  in  control  rats  fed  100, 
50,  25,  5,  and  1  p.p.m.  of  endrin  in  their 
food.  ( In  human  beings  an  increase  in  the 
serum  alkaline  phosphatase  levels  may  in- 
dicate liver  disturbances. — Hawk,  Oser, 
and  Summerson,  1954) .  All  rats  were  hy- 
persensitive to  stimuli,  and  those  fed  100, 
50,  and  25  p.p.m.  endrin  in  the  food  had 
convulsive  spasms.  Koeder  (1948)  found 
that  technical  chlordane  (related  to  endrin 
chemically)  had  no  effect  on  synaptic 
transmission  of  impulses  in  the  nerve 
preparation  of  Periplaneta  and  caused  no 
neurologic  disturbances  in  mammals. 

Harvey  and  Brown  (1951)  stated  that 
all  insecticides  which  increase  oxygen  con- 
sumption are  known  to  be  nerve  poisons. 
He  used  chlordane  as  an  example  of  one 
which  is  not  a  nerve  poison  and  which 
does  not  increase  oxygen  consumption 
significantly. 

A  clue  to  the  possible  mode  of  action  was 
found  during  the  testing  in  this  investiga- 
tion. The  symptoms — convulsions  and 
loss  of  equilibrium — indicate  disturbances 
in  the  central  nervous  system.  There  was 
always  an  increased  ventilation  rate  but, 
as  was  pointed  out  earlier,  the  oxygen  con- 
sumption did  not  increase.  In  many  of 
the  young  guppies  which  died  in  endrin, 
the  skull  burst  and  the  brain  protruded. 
This  indicated  pressure  on  the  central 
nervous  system.  Such  pressure  would  also 
stimulate  the  respiratory  center,  produce 
convulsions,  and  cause  loss  of  equilibrium. 
A  condition  called  papilledema  in  hu- 


mans, in  which  the  optic  disk  swells  as  a 
result  of  pressure  in  the  central  nervous 
system,  is  used  to  detect  diseases  which 
cause  an  increase  in  pressure  on  the  brain 
in  man.  The  pressure  is  transmitted  along 
the  optic  nerve,  collapses  the  blood  vessels, 
and  causes  the  optic  disk  to  swell  because 
of  the  blocked  circulation. 

I  attempted  to  find  papilledema  in  fish 
by  fixing  and  measuring  optic  disks  of 
normal  fish  and  of  fish  which  had  died  in 
10  p.p.b.  endrin.  Four  fish  were  placed  in 
10  p.p.b.  endrin  and  four  of  similar  size 
were  placed  in  tap  water.  As  the  fish  in 
endrin  lost  equilibrium  they  were  put  into 
A.  F.  A.  fixing  solution.  When  the  fourth 
test  fish  was  fixed,  the  control  fish  were 
fixed  also.  After  12  hours  in  the  fixative, 
the  eyes  were  removed  and  imbedded  in 
paraffin.  Serial  cross-sections  15  microns 
thick  were  made  and  stained  with  eosin. 
Measurements  were  made  with  an  ocular 
micrometer. 

The  results  of  this  experiment  are  shown 
in  table  12.  Two  measurements  were 
taken  on  each  eye ;  the  minimum  thickness 
of  the  two  middle  sections  was  measured. 
No  significant  difference  was  found  be- 
tween the  treated  and  the  control  groups. 
It  is  possible  that  shrinkage  due  to  fixa- 
tion obliterated  any  swelling  which  may 
have  been  present. 

Table  12. — Optic-disk  measurements  of  the  blunt- 
nose  minnow 

[Two  sections  of  each  disk  were  measured.    Numbers  represent 
ocular-scale  divisions  in  which  1  division  equals  6.8  microns] 


Normal  fish 

Fish  in  10  p.p.b.  endrin 

Left  eye 

Right  eye 

Left  eye 

Right  eye 

22 

28 

33 

24 

20 

26 

31 

25 

40 

28 

30 

20 

45 

27 

33 

25 

24 

20 

22 

24 

21 

19 

21 

20 

28 

25 

35 

25 

31 

23 

30 

25 

m  length  of  fish=48  mm. 

m  length  of  fish=46.8  mm. 

standard  length 

standard  length 

m  thickness  of  optic  disk= 

m  thickness  of  optic  disk= 

26.7  ocular  divisions 

26.4  ocular  divisions 
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The  carp  used  in  the  investigation  of  the 
entry  and  distribution  of  endrin  in  the 
body  were  examined  with  an  ophthalmo- 
scope while  convulsions  were  in  progress, 
but  it  was  very  difficult  to  see  into  the  eye 
and  I  could  not  tell  anything  about  the 
optic  disk.  Carp  were  difficult  to  hold 
still,  and  the  examination  was  unsatis- 
factory. 

When  fish  showing  symptoms  of  poison- 
ing are  placed  in  pure  water,  they  usually 
recover  rapidly.  In  one  instance,  10  blunt- 
nose  minnows  were  placed  into  a  contin- 
uously renewed  solution  of  0.3  p.p.b. 
When  five  fish  had  died  and  the  other  five 
were  having  convulsions,  the  flow  was 
stopped.  Two  days  later  approximately 
half  of  the  9  gallons  in  the  test  chamber 


were  replaced  with  tap  water.  These  five 
fish  went  through  the  symptoms  of  endrin 
poisoning  in  a  reverse  order,  and  at  the 
date  of  this  writing,  3  months  later,  appear 
normal  and  healthy.  This  type  of  reaction 
indicates  that  endrin  does  not  cause  irre- 
versible damage. 

The  available  information  concerning 
the  mode  of  action  of  endrin  on  animals 
does  not  permit  any  conclusion  to  be 
drawn  about  the  specific  effects  of  endrin. 
This  present  investigation  furnishes  little 
new  information  other  than  that  endrin 
does  not  appear  to  increase  oxygen  con- 
sumption, nor  does  it  appear  to  cause  irre- 
versible damage  as  a  result  of  short 
exposures. 


SUMMARY 


Investigations  of  the  chronic  toxicity  of 
endrin  to  bluntnose  minnows,  Pimephales 
notatus,  and  guppies,  Lebistes  reticulatus, 
were  conducted  for  periods  of  10  and  6 
months,  respectively.  Continuously  re- 
newed solutions  were  employed. 

Approximately  35  percent  of  the  blunt- 
nose  minnows  survived  for  extended 
periods  in  0.5  p.p.b.  endrin  in  water,  and 
approximately  50  percent  survived  0.4 
p.p.b.  All  bluntnose  minnows  placed  in 
0.1  p.p.b.  lived  for  extended  periods;  all 
died  in  0.75  and  0.9  p.p.b.  within  a  29-day 
period. 

Symptoms  of  endrin  poisoning  in  the 
bluntnose  minnows  were  characteristic  of 
disturbances  in  the  central  nervous  sys- 
tem: hyperactivity,  increased  ventilation 
rate,  convulsions,  loss  of  equilibrium,  and 
death.  The  symptoms  lasted  for  longer 
periods  at  lower  concentrations.  Some 
fish  were  in  a  state  of  hyperactivity  and 
increased  ventilation  rate  for  as  long  as 
2  months  and  then  returned  to  normal 
condition   while   still    in    endrin.     Mean 


daily  growth  rates  in  0.5,  0.4,  0.1,  and  0 
p.p.b.  endrin  were  0.049,  0.047,  0.102  and 
0.069  mm.,  respectively.  The  toxic  levels 
for  chronic  exposures  were  not  greatly 
different  from  those  toxic  in  acute  ex- 
posures. Fish  in  0.5  and  0.4  p.p.b.  ex- 
hibited much  more  activity  than  those  in 
0.1  p.p.b.  and  in  the  control  aquariums. 
The  gonads  in  both  sexes  in  all  test  cham- 
bers showed  increased  activity  and  ap- 
peared to  be  ripening  about  as  rapidly  as 
those  of  fish  taken  from  the  stream.  His- 
tological examination  showed  fatty  vacuo- 
lation  of  the  liver  cells  in  many  of  the  fish, 
including  control  fish.  Such  vacuolation 
is  thought  to  be  due  to  the  high  fat  con- 
tent of  the  diet  fed.  No  tissue  damage 
was  found  in  the  brain,  heart,  kidney,  or 
spleen. 

A  chronic-toxicity  test  on  guppies  was 
conducted  simultaneously  with  the  blunt- 
nose minnow  test.  Because  of  a  disease  of 
the  kidneys  which  was  apparently  unre- 
lated to  the  presence  of  endrin,  tests  on 
the   guppies   were   discontinued    after   6 
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months.  The  effects  of  endrin  on  the  gup- 
pies  were  essentially  the  same  as  those  on 
the  bluntnose  minnows. 

Pregnant  female  guppies,  with  one  ex- 
ception, never  had  more  than  one  litter  of 
young  after  being  placed  in  0.75  and  0.5 
p.p.b.  endrin  in  water.  In  one  case,  a  sec- 
ond litter  of  12  was  produced  and  included 
6  young  with  large  yolk  sacs,  presumably 
born  prematurely.  All  young  born  from 
females  in  endrin,  including  the  premature 
ones,  survived  about  as  long  as  guppies 
born  from  parents  not  in  endrin.  No  sex- 
ual difference  in  survival  was  found. 
Adults  were  usually  more  tolerant  than 
young. 

One  major  difference  in  behavior  was 
found  during  the  period  of  poisoning; 
guppies  went  to  the  bottom  and  bluntnose 
minnows  went  to  the  surface.  The  nor- 
mal resting  and  feeding  positions  of  these 
species  are  just  the  reverse. 

In  acute-toxicity  testing  of  bluntnose 
minnows,  fish  with  a  mean  standard 
length  of  59.8  mm.  withstood  0.2  p.p.b. 
more  endrin  in  96  hours  than  did  fish  of 
mean  standard  lengths  of  29.8  and  40.6 
mm.  The  fish  used  in  the  chronic-toxicity 
test  (collected  in  March)  proved  to  be 
more  tolerant  to  endrin  than  those  used  in 


the  acute-toxicity  tests  (collected  in  the 
winter) .  This  may  have  been  due  to  one 
or  more  of  the  following :  ( 1 )  the  stage  of 
the  reproductive  cycle,  (2)  parasitism, 
(3)  seasonal  temperatures  and  related 
physiological  conditions,  (4)  crowded 
conditions  in  the  stream  resulting  in  less 
hardy  fish. 

Endrin  had  no  apparent  effect  on  oxy- 
gen consumption  of  fed  and  nonf ed  fish  of 
either  sex.  Endrin  did  not  seem  to  affect 
the  ability  of  fish  to  swim  against  a  cur- 
rent of  water. 

Evidence  was  found  which  indicates 
that  endrin  enters  the  bodies  of  carp 
through  the  intestines.  It  probably  is 
carried  by  the  blood  to  other  parts  of  the 
body.  The  liver,  intestine,  spleen,  and 
kidney  of  carp  contained  the  highest  con- 
centrations of  endrin  in  2-  to  5-day  ex- 
posures. Blood,  fat,  and  brain  tissue  also 
contained  measurable  amounts  after  a  28- 
day  exposure.  All  concentrations  in  carp 
tissues  were  based  on  a  fish  bioassay  of 
distillates  collected  by  steam  distillation. 

The  bursting  of  the  skull  and  subsequent 
protrusion  of  the  brain  of  young  guppies 
which  died  in  various  concentrations  of 
endrin  indicated  that  endrin  may  cause 
pressure  in  the  central  nervous  system. 


CONCLUSIONS 


Endrin  does  not  appear  to  be  cumulative 
in  its  effect  on  fish  subjected  to  chronic  ex- 
posures. There  was  a  narrow  range  from 
0.4  to  0.5  p.p.b.  in  which  fish  showed  some 
loss  of  weight  and  greatly  increased  activ- 
ity. No  effect  was  found  below  this  con- 
centration. Although  no  reproduction 
occurred  in  the  bluntnose  minnow,  the 
gonadal  development  indicated  that  repro- 
duction might  have  taken  place  if  the  test 
had  been  continued.  Concentrations  as 
low  as  0.5  p.p.b.  appeared  to  prevent  re- 
production in  guppies. 


It  appears  that  the  increase  in  activity 
caused  by  endrin  in  concentrations  of  0.5 
and  0.4  p.p.b.  might  be  of  greatest  signifi- 
cance in  natural  populations  through  dis- 
ruption of  spawning  behavior  and 
displacement  from  their  normal  habitat 
niche. 

On  the  basis  of  the  data,  endrin  appears 
to  enter  the  body  through  the  intestine  as 
a  result  of  the  fish's  drinking  water.  Very 
young  fish  are  resistant  to  endrin,  prob- 
ably because  their  mouths  are  not  func- 
tional and  the  endrin  does  not  get  into  the 
intestine. 


There  is  evidence  of  a  slight  accumula- 
tion of  endrin  in  carp  tissue  during  a  28- 
day  exposure.  The  low  concentration 
found  in  the  muscle  tissue  would  probably 
not  be  harmful  to  human  beings  eating 
exposed  fish.  Cooking  would  also  reduce 
the  concentration. 

It  appears  on  the  basis  of  this  investiga- 
tion that  endrin  would  not  harm  fish  seri- 
ously so  long  as  a  concentration  which  is 
not  lethal  in  30  days  is  not  exceeded. 
Endrin  is  extremely  toxic  to  fish,  and  ap- 
plication rates  would  have  to  be  very  low. 
However,  if  endrin  will  effectively  control 
pests  at  an  application  rate  which  would 
be  safe  for  fish,  its  use  would  be  preferable 
to  that  of  a  compound  less  toxic  to  fish  but 
with  greater  cumulative  effects. 

There  is  a  very  serious  need  for  chronic- 
toxicity  studies  of  the  effects  of  many  in- 
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secticides  on  all  aquatic  forms.  Not  one 
such  study  was  found  in  the  literature. 
Investigations  are  needed  to  determine 
which  organisms  in  the  aquatic  food 
chains  are  most  sensitive  to  various  pol- 
lutants. More  work  should  be  done  to 
determine  the  residual  life  of  these  pol- 
lutants in  the  bottom  sediments  and  in  the 
tissues  of  animals.  Until  this  information 
is  known,  the  danger  involved  in  con- 
tinuous use  of  insecticides  cannot  be  de- 
termined. There  is  little  knowledge  at 
the  present  time  to  indicate  what  danger 
there  is  to  human  beings,  either  directly 
or  indirectly,  from  continuous  use  of 
insecticides. 

Finally,  it  will  be  necessary  to  gain  a 
better  understanding  of  normal  fish  physi- 
ology before  the  true  danger  of  insecti- 
cides to  fish  can  be  properly  assessed. 
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Appendix— RAW  DATA  FROM  TESTS 

Appendix  table  1.— Results  of  acute-toxicity  testing  on  Muntnose  minnows 
["Juvenile"  indicates  fish  too  young  to  sex  easily;  "A"  indicates  fish  living  at  end  of  test] 


Standard 
length 
(mm.) 

Number 

of  days 

lived 

Standard 
length 
(mm.) 

Number 

of  days 

lived 

Test  S-9: 

0.8  p.p.b.  endrin: 

26 
27 
30 
31 
32 

33 
24 
33 
34 
29 

25 
29 
30 
28 
34 

32 
22 
28 
28 
31 

2 
2 
2 
3 
3 

3 
A 
A 
A 
A 

Test  S-12: 

0.8  p.p.b.  endrin: 

Male 

37 
37 
39 
36 
33 

35 
38 
41 
41 
36 

35 
39 
40 
38 
38 

30 
31 
40 
43 
43 

Do 

Female 

Do 

Do 

0.6  p.p.b.  endrin: 

0.6  p.p.b.  endrin: 

Female 

Do 

Do 

2 

Do 

2 

Male 

2 

0.4  p.p.b.  endrin: 

0.4  p.p.b.  endrin: 

Male 

2 

Female 

2 

Do .._. 

2 

Do 

Do 

A 

Do 

Do 

A 

0.2  p.p.b.  endrin: 

0.2  p.p.b.  endrin: 

Male 

A 

Do 

Female 

A 

Do 

Male 

A 

Do 

Female 

A 

Do 

Do 

A 

Mean  size . 

29.3 

27 
28 
34 
26 
34 

26 
26 
27 
32 
31 

26 
27 
28 
31 
32 

27 
28 
30 
33 
34 

37.5 

45 
46 
42 
40 
37 

35 
40 
39 
33 
39 

49 
36 
39 
40 
39 

42 
42 
47 
41 
39 

Test  S-10: 

0.8  p.p.b.  endrin: 

1 
1 
1 
2 
2 

1 
2 
2 
2 
3 

3 
3 
3 
3 
3 

A 
A 
A 
A 

A 

Test  S-13: 

0.5  p.p.b.  endrin: 

Female 

2 

Do 

Male 

2 

Do 

Female 

2 

Do 

Male 

2 

Do 

Female 

2 

0.6  p.p.b.  endrin: 

0.4  p.p.b.  endrin: 

Female 

2 

Do 

Male 

2 

Do 

Do 

2 

Do 

Female 

2 

Do 

3 

0.4  p.p.b.  endrin: 

0.3  p.p.b.  endrin: 

Male - 

3 

Do                     

Female 

3 

Do                         

Male 

3 

Do 

Female 

4 

Do                      

Do 

4 

0.2  p.p.b.  endrin: 

0.2  p.p.b.  endrin: 

A 

Do    .    -. 

Do 

A 

Do    

Male 

A 

Do    

Female 

A 

Do    

A 

29.4 

65 
66 
60 
58 
81 

71 
70 
64 
59 
70 

68 
70 
60 
56 
57 

65 
57 
59 
56 
55 

41.0 

66 
59 
56 
55 
54 

51 
75 
53 
56 
49 

71 
63 
59 
57 
51 

53 
53 
61 
55 
52 

Test  S-ll: 

0.8  p.p.b.  endrin: 

2 
2 
2 
2 

4 

2 
3 
3 
4 
A 

A 
A 
A 
A 

A 

A 
A 
A 
A 
A 

Test  S-14: 

0.5  p.p.b.  endrin: 

3 

Do 

3 

Female 

Do    

3 

Male 

3 

Do 

Do — 

3 

0.6  p.p.b.  endrin: 

0.4  p.p.b.  endcrin: 

4 

Do 

A 

Do 

A 

Do 

A 

Do.... 

A 

0.4  p.p.b.  endrin: 

Male 

0.3  p.p.b.  endcrin: 

A 

Do 

A 

Do 

A 

Female... 

A 

Male _ 

Do 

A 

0.2  p.p.b.  endrin: 

Male 

0.2  p.p.b.  endrin: 

A 

Do 

Do 

A 

Female 

A 

Do 

A 

Do 

Do 

A 

Mean  size - 

63.4 

57.1 

36 

37 


Appendix  table  1. — Results  of  acute-tomcity  testing  on  bluntnose  minnows — Continued 


Standard 
length 
(mm.) 

Number 
of  days 
lived 

Standard 
length 
(mm.) 

Number 

of  days 

lived 

Test  S-15: 

0.5  p.p.b.  endrin: 

32 
27 
30 
32 
33 

27 
30 
33 
31 
30 

30 
33 
26 
31 
32 

24 
37 
32 
34 
35 

2 
2 
2 
2 
2 

4 
4 
4 
A 
A 

3 
3 
4 
A 
A 

A 
A 
A 
A 
A 

Test  S-16— Continued 
0.3  p.p.b.  endrin: 

41 
44 
43 
40 
52 

40 
36 
41 
39 
50 

4 

Do 

Do .. 

4 

Do 

Female 

4 

Do    .                     

Do 

A 

Do    .             

Do 

A 

0.4  p.p.b.  endrin: 

0.2  p.p.b.  endrin: 

Male ... 

A 

Do                        

Female .. 

A 

Do    .              

Do 

A 

Do    ..-. 

Male .. 

A 

Do 

Do... 

A 

0.3  p.p.b.  endrin: 

Mean  size 

43.2 

57 
62 
64 
60 
65 

69 
62 

58 

Do 

Test  S-17: 

0.5  p.p.b.  endrin: 

Do    

Do 

3 

Do 

Do 

3 

0.2  p.p.b.  endrin: 

Do    

3 

Do 

4 

Do    

Do 

A 

Do    

0.4  p.p.b.  endrin: 

Do 

A 

Do 

Do 

A 

A 
A 

30.7 

53 
41 
49 
36 
38 

50 
40 
42 

41 
52 

Unrecorded 

Test  S-16: 

0.5  p.p.b.  endrin: 

Female 

2 
2 
3 
3 
3 

3 

4 
4 
4 
A 

0.3  p.p.b.  endrin: 

Female 

53 
55 
57 
65 
54 

55 
56 
65 
55 
52 

A 

Do 

Do 

A 

Do .. 

Do 

A 

Do.... 

Male 

A 

Do    . 

Female    

A 

0.4  p.p.b.  endrin: 

0.2  p.p.b.  endrin: 

Female 

A 

Male 

A 

Female 

Do 

A 

Do 

Female 

A 

Do 

Do... 

A 

Mean  size 

58.9 

Appendix  table  2. — Results  of  tests  on  oxygen  consumption  in  the  "bluntnose  minnow 

[Consumption  is  expressed  in  ml.  per  gram  per  hour.     All  testing  was  done  at  temperatures  between  23°  and 

24°   C] 


Test  0-1 :  A  0.7-gram  female,  38  mm.  standard 

length.     Consumption   was   measured   at  7 

a.m.,  12  hours  after  the  fish  was  fed. 

Consumption  in  04 
Normal  consumption  p.p.b.  endrin 

0.  366  0.  674 

.  320  .  469 

.  320  .  435 

. 366  .  366 

.  366  .  213 

.  352  .  366 

.366 

Mean__       . 348  . 366 

.160 

.320 

.275 

.310 

.354 

.443 

Test  discontinued 


Test  0-2:  A  4.2-gram  male,  70  mm.  standard 
lengh.  Consumption  was  measured  daily 
at  7  a.m.,  12  hours  after  feeding. 


Normal  consumption 

Consumption  in  0.5 
p.p.b.  endrin 

0.210 

0.184 

.215 

.230 

.223 

.267 

.209 

.329 

.244 

Fish  died 

.220 



.279 

Mean__       .  253 

.215 

.215 

.188 

Mean__       .  222 


Mean. 


.366 
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Appendix  table  2. Results  of  tests  on  oxygen  consumption  in  the  Muntnose  minnow — Continued 


Mean. 


.281 


Test  O^:  A  5.0-gram  male,  73  mm.  standard 
length.  Consumption  was  measured  at  7 
a.m.  daily,  24  hours  after  feeding. 

Consumption  in  0.4 
Normal  consumption  p.p.b.  endrin 

0.135 
.181 
.198 
.221 
.272 
.266 
.186 
.218 
.280 
.175 
.272 
.299 
.169 
.249 
.327 


.270 
.150 

.230 


0.285 

Normal  consumption 

.219 

0.176 

.305 

.185 

.316 

.193 

Fish  died 



Mean 

.185 

Mean__ 


Test  0-5:  A  2.0-gram  female,  56  mm.  standard 
length.  Consumption  was  measured  daily 
at  7  a.m.     The  fish  was  not  fed. 


Normal  consumption 
0.181 
.133 
.182 
.074 
.044 
.236 
.042 
.021 
.127 
.094 
.106 
.130 
.134 
.080 


Consumption  in  O.k 
p.p.b.    endrin 

0.073 

.104 

.151 

Fish  died 


Mean. 


.109 


Test  0-6:  A  2.6-gram  female,  60  mm.  standard 
length.  Consumption  was  measured  twice 
daily  at  7  a.m.  and  at  6  p.m.  The  fish  was 
not  fed. 

Consumption  in  0.3 
p.p.b.  endrin 

0.  217 
.209 
.217 
.217 
.194 
.180 
.173 
.184 
.184 
.147 
.137 

Mean__    0. 187 

Test  0-7:  A  3.0-gram  male,  61  mm.  standard 
length.  Consumption  was  measured  twice 
daily,  at  7  a.m.  and  6  p.m.    The  fish  was  not 

fed. 

Consumption  in  0.5 

p.p.b.  endrin 

0.219 


Normal  consumption 
0.181 


.191 
.228 
.197 
.224 

Mean__       .  204 


.207 

.184 

.233 

Fish  died 

Mean__       .  211 


Test  0-8:  A  3.0-gram  male,  61  mm.  standard 
length.  Consumption  was  measured  twice 
daily,  at  7  a.m.  and  6  p.m.  Fish  was  not  fed 
and  was  starved  seven  days  before  the  test 
was  begun. 

Consumption  in  0.5 
Normal  consumption  p.p.b.  endrin 

0. 142  0. 116 

. 132  .  136 

.  107  .  144 

. 130  .  164 

.241 

Mean__       .  128  Fish  died 


Mean 


113 


Mean_. 


.160 
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ABSTRACT 

Fluctuations  in  strength  of  year  classes  from  1945  to  1956  of  Yellowstone  Lake  cut- 
throat from  Pelican  and  Chipmunk  Creeks  are  compared  with  the  parental  stock  and 
several  climatically  influenced  factors  of  the  environment.  Variations  in  year-class 
strength  in  the  two  tributaries  were  highly  correlated  with  fluctuations  in  lake  water 
levels.  Strong  year  classes  occurred  in  years  of  low  water.  Female  spawner  escapement, 
timing  of  the  runs,  and  summer  air  temperatures  were  not  significant  factors. 

A  formula  based  on  water  levels  is  presented  for  predicting  year-class  strength  in 
Pelican  Creek  and  in  the  Fishing  Bridge  area  fishery. 

Stocking  of  fry  in  years  of  high  water  is  suggested  as  a  means  of  supplementing  natural 
production.  A  method  of  forecasting  lake  water  levels  several  months  in  advance  of  their 
occurrence  is  discussed. 


PREDICTING  YEAR-CLASS  ABUNDANCE 

OF  YELLOWSTONE  LAKE  CUTTHROAT  TROUT 

By  Ross  V.  Bulkley  and  Norman  G.  Benson,  Fishery  Research  Biologists 

Rocky  Mountain  Sport  Fishery  Investigations,  Logan,  Utah 


Large  fluctuations  occur  in  year-class 
strength  of  cutthroat  trout,  Salmo  clarki 
lewisi,  in  Yellowstone  Lake,  Wyoming. 
The  anility  to  predict  the  occurrence  of 
these  fluctuations  is  of  great  value  in 
managing  the  fishery.  This  paper  dis- 
cusses five  factors  suspected  of  controlling 
year-class  strength  in  Pelican  and  Chip- 
munk Creeks,  two  large  tributaries  of 
Yellowstone  Lake,  and  the  use  of  these 
factors  to  predict  future  recruitment  to 
the  fishery. 

Pelican  Creek  is  one  of  the  major 
spawning  streams  in  the  north  end  of 
Yellowstone  Lake  (fig.  1).  Terminal 
water  flow  in  August  is  around  40  cubic 
feet  per  second,  but  the  flow  is  several 
times  as  large  during  the  spring  high-water 
period.  The  Pelican  Creek  drainage 
contains  approximately  100  miles  of  stream 
available  for  spawning.  Adult  fish  move 
into  the  stream  during  May,  June,  and 
early  July  for  spawning,  and  return  to  the 
lake  after  spawning.  A  few  spawners 
overwinter  in  the  stream.  Many  fry 
remain  in  the  stream  during  their  first 
winter  and  move  down  to  the  lake  in  their 
second  and  third  years  of  life.  Recruit- 
ment to  the  spawning  runs  occurs  during 
the  fourth  and  fifth  years  of  life. 

Chipmunk  Creek  enters  Yellowstone 
Lake  at  the  lower  end  of  the  south  arm. 
Terminal  stream  flow  during  August  is 
around  25  cubic  feet  per  second.  The 
spring  runoff  is  more  gradual  than  Pelican 
Creek,  and  is  relatively  free  of  debris. 
Spawning  runs  in  Chipmunk  Creek  are 
bimodal,  commencing  in  May  and  extend- 


ing to  the  end  of  July  (Cope,  1957b). 
Most  spawning  occurs  in  the  lower  8  miles 
of  the  stream,  and  the  majority  of  the  fry 
move  downstream  to  the  lake  during  their 
first  summer.  Initial  spawners  in  this 
stream  are  fish  of  age  groups  III,  IV,  and 
V;  some  fish  from  Chipmunk  Creek  do  not 
mature  until  their  sixth  year  of  life 
(Bulkley,  1961).  In  both  streams,  larger 
and  older  spawners  are  most  abundant  in 
the  early  part  of  each  spawning  run,  and 
smaller  spawners  are  most  abundant  in 
the  latter  part  of  each  run. 

Counts  of  spawners  and  collections  of 
scales  were  made  from  Pelican  and  Chip- 
munk Creeks  spawning  runs  from  1949  to 
1960.  Scale  samples  and  measurements 
were  taken  from  10  percent  of  each  run. 
Data  from  upstream  traps  near  the  mouth 
of  each  stream  provided  information  on 
the  time  and  size  of  the  spawning  migra- 
tions. Scale  samples  from  the  fishery 
were  obtained  periodically  during  the 
summer  from  1950  to  1960  at  Fishing 
Bridge  and  West  Thumb  docks.  Fish 
from  Pelican  Creek  are  commonly  caught 
in  the  Fishing  Bridge  area,  as  this  stream 
enters  the  lake  1  mile  from  the  Fishing 
Bridge  campground  (Ball  and  Cope,  1961). 
Chipmunk  Creek  fish  contribute  to  the 
West  Thumb  fishery,  but  the  percentage 
of  the  West  Thumb  catch  thai  comes 
from  fish  produced  in  that  stream  is  not 
known. 

Scales  were*  aged  according  to  criteria 
established  by  Laakso  and  Cope  (1956)  for 
identification  of  fish  which  fail  to  form  the 
initial  annulus  on  their  scales.     Cutthroat 
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Figure  1. — Yellowstone  Lake  showing  location  of  two  study  streams.     The  area  where  water  levels 
and  air  temperature  were  recorded  is  indicated  by  closed  circle  near  Fishing  Bridge. 


trout  with  retarded  scale  development  are 
relatively  common  in  Yellowstone  Lake. 

Daily  gage  heights  of  Yellowstone  Lake 
at  the  Lake  Hotel  were  obtained  from 
reports  of  the  U.S.  Geological  Survey. 
Daily  air  temperatures  at  the  Lake  Ranger 
Station  were  obtained  from  U.S.  Weather 
Bureau  reports.  Data  used  in  this  paper 
on  the  lake  water  levels  and  on  air  tem- 


peratures are  summarized  in  appendix  A. 
Drs.  W.  E.  Ricker,  George  A.  Rounsefell 
Oliver  B.  Cope,  and  Mr.  Bernard  E.  Skud 
critically  reviewed  the  manuscript  and 
offered  several  excellent  suggestions  for 
its  improvement.  Messrs.  Ashton  R. 
Codd  and  Phillip  E.  Fames  of  the  Soil 
Conservation  Service  provided  the  fore- 
casts of  Yellowstone  Lake  water  levels. 


YEAR-CLASS  STRENGTH 


Estimates  of  year-class  strength  were 
determined  from  the  number  of  fish  of  both 
sexes  assumed  to  be  initial  spawners 
returning  to  the  parent  stream  from  each 
year  class.  Fish  of  age  groups  III  and 
IV  were  used  for  Pelican  Creek;  fish  of 
age  groups  III,  IV,  and  V  were  used  for 
Chipmunk  Creek.  A  few  spawners  are 
undoubtedly  counted  twice  by  this  method, 
but  spawning  mortality  is  sufficiently 
high  that  only  a  small  percentage  survive 
to  return  as  repeat  spawners  (Ball  and 
Cope,  1961).  Most  of  the  spawners 
which  do  return  require  2  years  to  recover 
and  come  back  as  alternate  spawners. 
Recruitment  of  fish  to  the  spawning  runs 
was  considered  to  be  a  good  index  of 
relative  year-class  strength,  as  the  homing 
instinct  is  strong  and  few  fish  spawn  in 
streams  other  than  their  parent  stream 
(Ball,  1955).  The  lake  fishery  is  con- 
centrated on  the  same  age  groups  as  found 


in  the  spawning  runs,  and  recruitment  to 
the  fishery  of  prespawners  was  independent 
of  the  size  of  the  catch  prior  to  the  1956 
year  class  in  Pelican  Creek  and  to  the  1955 
year  class  in  Chipmunk  Creek.1  Thus, 
variations  in  the  catch  did  not  seriously 
alter  estimates  of  year-class  strength 
based  on  numbers  of  initial  spawners. 
This  method  could  not  be  used  for 
Pelican  Creek  from  1945  to  1947  because 
500,000  fry  were  planted  in  that  stream 
each  year.  No  fry  were  planted  in 
Chipmunk  Creek  after  1944. 

Pelican  Creek  produced  large  year 
classes  in  1949,  1953,  and  1955  (fig.  2). 
Chipmunk  Creek  estimates  (no  data 
available  for  1956)  indicate  that  1945, 
1946,  and  1953  were  large  year  classes  and 
the  1951  year  class  was  extremely  small. 
Year-class  strength  of  the  two  streams  is 
obviously  unrelated  in  some  years. 


FACTORS  COMPARED  WITH  YEAR-CLASS  STRENGTH  FLUCTUATIONS 


Benson  (1960)  showed  that  receding 
water  levels  and  cloudy  weather  partially 
controlled  the  downstream  migrations  of 
immature  cutthroat  trout  in  Arnica  Creek, 
a  small  tributary  to  Yellowstone  Lake, 
but  there  was  no  relation  between  this 
migration  of  immatures  and  the  number 
of  adults  returning.  As  accurate  data 
were  not  available  on  stream-level  fluctua- 
tions and  light  intensity  at  Pelican  and 
Chipmunk  Creeks,  these  factors  could  not 
be  tested  in  the  present  study.  Factors 
tested  for  association  with  year-class 
strength  in  Pelican  and  Chipmunk  Creeks 
included  female  spawner  escapement,  tim- 
ing of  the  spawning  runs,  air  temperature, 
and  lake  water  levels.  Pelican  Creek 
anaylses  are  presented  first,  with  field  data 
for  both  streams.  Results  of  Chipmunk 
Creek  analyses  are  presented  later  for 
claritv. 


Female  escapement 

The  number  of  spawners  producing  a 
year  class  was  one  factor  suspected  of 
controlling  year-class  strength  A  large 
egg  potential  under  certain  conditions 
could  be  expected  to  produce  an  abundant 
year  class.  Escapement  of  female  spawn- 
ers was  compared  with  estimates  of  year- 
class  strength  to  determine  whether  size 
of  parental  stock  was  controlling  year- 
class  strength  in  the  two  study  streams. 
Numbers  of  female  spawners  were  used 
because  the  size  of  male  escapement  was 
not  recorded  before  1954.  Escapement  of 
female  spawners  in  Pelican  and  Chipmunk 
Creeks  fluctuated  widely  from  1945  to 
1956  (table  1).     Much  of  this  fluctuation 


'  "Equilibrium  yield  and  management  of  cutthroat  trout  in 
Yellowstone  Lake,"  by  Norman  O.  Benson  and  Ross  V.  Bulkley . 
Manuscript  in  preparation. 
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Figure  2. — Year-class  strength  for  Pelican  (solid  line)  and  Chipmunk  Creeks  (broken  line)- 
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was  caused  by  fish-hatchery  operations 
at  Yellowstone  Lake,  which  continued 
until  1953.  Eggs  for  the  hatchery  were 
obtained  from  wild  fish  as  they  ascended 
the  tributaries  to  spawn.  The  number  of 
females  released  for  natural  spawning 
depended  on  the  size  of  the  spawning 
runs  and  the  number  of  eggs  needed  by  the 
hatchery  each  year.  As  all  males  not 
needed  for  spawn-taking  were  allowed  to 
continue  upstream,  there  is  little  reason  to 
suspect  that  a  shortage  of  males  for  natural 


spawning  ever  occurred.  After  1953  all 
spawners  were  allowed  to  spawn  naturally. 
Analysis  of  the  relation  between  Pelican 
Creek  female  escapement  and  number  of 
progeny  returning  to  spawn  from  the 
year  class  did  not  show  a  significant 
correlation  (r= 0.480,  d.J.  =  7)  although 
the  plotted  data  suggest  that  a  rather 
strong  positive  correlation  existed  (fig.  3). 
Low  female  escapement  tended  to  have 
low  production,  and  high  escapement  to 
have   high   production.     The    1949    data 


Table  1. — Size  of  female  escapement  in  Pelican 
and  Chipmunk  Creeks  and  recruitment  to 
future  runs  from  each  year  class 


Female  escapement 

Recruitment 

Year- class 

Pelican 
Creek 

Chipmunk 
Creek 

Pelican 
Creek  ' 

Chipmunk 
Creek  2 

1945 

2,331 
6,350 
841 
2,449 
2,650 
2,628 
3  2, 398 
1,695 
2,711 
3,237 
2,678 

11,524 

1946 

10,  665 
8,838 

1947 

1948 

4,418 
14, 591 
3,381 
1,969 
613 
7,475 
6,438 
9,030 
3  4, 166 

5,032 
8,377 
6,755 
7,569 
4,985 

12,  863 
5,267 

16, 023 
2,503 

7,500 

1949 

5,286 

1950 

2,729 

1951 

1952 

1953 

9,184 

1954. 

6,921 

1955 

1956 

1  Total  fish  of  age  III  and  IV  returning  as  first  spawners  from 
year  class. 

2  Total  fish  of  age  III,  IV,  and  V  returning  as  first  spawners. 

3  Complete  count  not  obtained. 

suggest  that  production  falls  off  as  female 
spawner  numbers  approach  14,000.  The 
"Ricker  Curve"  (Ricker,  1958,  p.  239), 
which  passes  through  the  origin  and  falls 
off  asymptotically  at  high  stock  levels, 
seemed  to  describe  the  Pelican  Creek 
population  but  did  not  reduce  the  residual 
variance.  The  free-hand  curve  illustrated 
was  fitted  to  the  data  with  the  aid  of 
moving  averages  of  three  and  may  be 
closer  to  the  true  relation.  This  curve 
suggests  that  increased  production  can  be 
obtained  by  increasing  female  escapement 
up  to  approximately  9,000  females.  Shep- 
ard  and  Withler  (1958)  described  a  simi- 
lar reproduction  curve  for  sockeye  salmon. 
Assuming  a  continuation  of  the  average 
sex  ratio  of  Pelican  Creek  runs  of  1.64 
females  per  male  (Ball  and  Cope,  1961), 
9,000  females  would  represent  a  total 
spawning  run  of  approximately  14,500 
fish.  The  broken  diagonal  line  in  figure 
3  is  based  on  the  average  sex  ratio  and 
indicates  the  level  at  which  replacement 
occurs.  Each  female  must  produce  on 
the  average  1.61  adult  progeny  for  the 
population  to  maintain  the  same  density. 
Thus  escapement  to  the  right  of  the  diag- 
onal failed  to  replace  itself  (1948,  1949, 
1954,  and  1956)  and  escapement  to  the 
left  more  than  replaced  itself. 

Data  presented   later   on   water  levels 


and  the  low  correlation  between  female 
escapement  and  progeny  suggest  that 
escapement  is  a  secondary  factor  in  con- 
trolling production  within  the  range  of 
spawners  given  above.  Benson  (1960) 
and  Ball  and  Cope  (1961)  did  not  find  any 
correlation  between  number  of  spawners 
and  number  of  progeny  produced. 

Time  of  spawning 

Timing  of  spawning  runs  is  frequently 
considered  a  possible  control  of  produc- 
tion. Exceedingly  early  or  late  segments 
of  the  spawning  runs  are  often  less  success- 
ful than  the  middle  part  owing  to  adverse 
environment  (Rounsefell,  1958).  Spawn- 
ing runs  in  Pelican  and  Chipmunk  Creeks 
usually  start  about  the  same  time  each 
year,  although  there  is  considerable  varia- 
tion in  the  time  in  which  one-half  of  the 
run  passes  upstream  in  different  years. 
The  date  by  which  50  percent  of  the  run 
entered  the  upstream  trap  was  compared 
with  the  relative  strength  of  the  year  class 
which  the  run  produced,  to  measure  the 
effect  of  these  variations  in  timing  (table 
2). 

Table  2. — Date  by  which  50  percent  of  spawning 
run  entered  upstream  traps  at  Pelican  and 
Chipmunk  Creeks 

[Expressed  as  the  number  of  days  after  May  28] 


Year 

Pelican 
Creek 

Chipmunk 
Creek 

1945            - 

25 

1946                   --. 

1 

4 

4 

1947  .                

9 

1948                - — 

12 

1949              

2 
21 

9 
11 
18 
10 
11 

27 

1950  _        

41 

1951                              

1952 

1953                                .  . 

13 

1954                                     

38 

1955                         .  - - 

Timing  of  the  run  apparently  did  not 
influence  production  in  Pelican  Creek  to 
any  extent  as  a  correlation  coefficient  of 
0.115  (d.f.  =  5)  was  far  from  significant. 

Air  temperature 

Air  temperatures  were  considered  a 
factor   controlling   production   under   the 
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Figure  3. — Estimated  reproduction  curve  for  Pelican  Creek,  based  on  data  from  1948  to  1956 — 
expressed  in  thousands  of  fish.  The  broken  line  indicates  the  level  at  which  replacement  of 
parental  stock  occurs. 


assumption  that  high  spring  temperatures 
would  cause  rapid  snow  melting  with  en- 
suing flooding  of  redds,  and  that  high 
summer  temperatures  could  conceivably 
cause  fry  mortality  from  exessive  water 
temperatures.  The  assumptions  are  not 
unreasonable,  as  Pelican  Creek  has  many 
thermal  springs  (Cope,  1957a),  and  warm 
weather  during  the  spawning  migration 
frequently  causes  flooding  at  the  Pelican 
Creek  trap  and  occasionally  at  the  Chip- 


munk Creek  trap.  Correlation  between 
year-class  strength  and  mean  air  tempera- 
tures during  the  main  spawning  period 
(June-July)  was  not  significant  for  Pelican 
Creek  (r=0.325,  dj.  =  7). 

Temperature  data  not  presented  in  this 
paper  indicate  that  water  temperatures 
were  highest  during  July  in  Pelican  Creek, 
which  is  the  major  incubation  period  in 
that  stream.  Correlation  between  mean 
air  temperature  during  July  and  year-class 


strength  was  also  not  significant  (r= 0.049). 
The  influence  of  air  temperature  is  prob- 
ably obscured  by  more  prominent  factors 
such  as  stream  flow,  which  is  partially 
controlled  by  air  temperatures  during  the 
spawning  period. 

Water  levels 

Excessive  stream  flow  can  affect  pro- 
duction of  salmonids  by  decreasing  the 
efficiency  of  egg  deposition,  by  erosion  or 
siltation  of  the  redds,  or  by  actual  de- 
struction of  fry  (Gangmark  and  Bakkala, 
1960).  Low  water  levels  may  limit 
spawning  in  the  most  favorable  areas  or 
cause  exposure  of  redds.  As  stream  flow 
data  were  not  available,  lake  water  levels 
were  used  as  an  index  of  stream  flow  into 
the  lake.  Yellowstone  Lake  is  fed  by  a 
large  tributary  system,  and  fluctuations 
in  lake  level  should  be  representative  of 
tributary  flow.  In  the  summer  of  1960 
the  trend  in  lake  levels  was  similar  to 
Pelican  Creek  water  levels,  but  lagged 
approximately  a  week  behind  the  stream. 
No  data  were  available  to  compare  Chip- 
munk Creek  stream  flow  with  lake  levels. 

The  nature  of  the  spring  runoff  in 
Pelican  Creek  suggests  that  stream  flow 
could  easily  influence  trout  production. 
Pelican  Creek  is  noted  for  its  high  spring 
runoff,  which  commonly  flows  over  the 
trap  and  necessitates  continual  cleaning 
of  the  weir.  In  high-water  years  large 
trees  are  often  flushed  downstream  and 
deposited  against  the  weir.  The  Pelican 
Creek  spawning  migration  usually  com- 
mences in  earnest  about  May  18,  and 
young-of-the-year  begin  emerging  from 
the  gravel  in  the  middle  of  July.  Allow- 
ing 1  week  for  the  fish  to  reach  the  spawn- 
ing sites,  the  incubation  period  starts 
about  May  25  and  ends  by  July  31. 
The  wide  range  in  the  time  by  which  50 
percent  of  the  run  migrated  upstream 
suggests  that  the  incubation  period  varies 
slightly  from  year  to  year  and  that  more 
accurate     comparisons     with     year-class 


strength  could  be  made  if  these  variations 
were  considered.  The  spawning  runs 
usually  start  and  end  about  the  same  time 
each  year,  even  though  variations  occur 
in  ihe  time  by  which  one-half  of  the  run 
passes  upstream.  The  part  of  the  run 
which  produces  the  year  class  is  also 
not  known.  Thus,  lake  water  levels 
from  June  1  to  July  31  were  used  in 
Pelican  Creek  comparisons,  as  this  period 
covered  most  of  the  spawning  and  in- 
cubation in  all  years. 

Pelican  Creek  data  suggested  a  curvi- 
linear relation  between  mean  water  levels 
and  year-class  strength  from  1948  to 
1956,  and  estimates  of  year-class  strength 
were  transformed  to  base- 10  logarithms 
for  comparison  (fig.  4).  Approximately 
91  percent  of  the  variation  in  production 
in  Pelican  Creek  was  associated  with 
mean  lake  water  levels  during  June  and 
July  (r=  —  0.955,  significant  at  the  1- 
percent  level).  Assuming  a  linear  relation 
between  water  levels  and  year-class- 
strength,  correlation  was  only  slightly 
lower  (r=  —  0.904)  and  was  still  highly 
significant.  Production  was  highest  at 
low  water  levels  and  decreased  as  water 
level  increased.  A  negative  relation  be- 
tween water  levels  and  production  is 
uncommon,  although  Vernon  (1958)  found 
such  a  relation  in  pink  salmon  of  the 
Fraser  River.  Poor  production  in  flood 
years  is  to  be  expected,  but  drought 
years  usually  have  low  production  also 
(Rounsefell,  1958;  Wickett,  1958).  Water 
levels  in  Pelican  Creek  apparently  never 
became  sufficiently  low  during  the  study 
period   to  be  detrimental  to  production. 

Differences  between  mean  June  and 
mean  July  water  levels  with  the  sign 
ignored  were  compared  with  year-class 
estimates  for  Pelican  Creek  to  determine 
whether  fluctuations  in  water  level  within 
the  spawning  period  were  influencing 
year-class  strength.  The  correlation  was 
not  significant  (r=  —0.278,  dj.  =  7).  Mean 
stream  flow  during  spawning  and  incuba- 
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Figure  4. — Mean  June-July  water  levels  (feet)  of  Yellowstone  Lake  in  relation  to  recruitment  to  the 
Pelican  Creek  spawning  runs  from  each  year  class — expressed  in  thousands  of  fish. 


tion  was  apparently  the  major  controlling 
factor  rather  than  the  degree  of  fluctuation 
about  the  mean  flow. 

Combined  effects 

More  variation  in  year-class  strength 
could  be  explained  when  several  factors 
were  compared  simultaneously.  Fre- 
quently interaction  between  two  factors 
masks  individual  effects  on  production. 
The  effects  of  water  levels,  escapement, 
temperature,  and  timing  of  the  runs  on 
production  were  further  analyzed  by  mul- 
tiple regression  analysis  to  determine 
whether  two  or  more  variables  were 
interacting. 

Data  from  1948  to  1956  on  female  es- 
capement, mean  June-July  water  levels, 
and  differences  in  mean  June  and  mean 
July  water  levels  were  analyzed  simulta- 


neously with  Pelican  Creek  year-class 
strength.  As  air  temperature  was  believed 
to  be  influencing  water  conditions,  it  was 
not  included  in  the  analysis.  Data  on 
timing  of  the  runs  were  not  available  for 
some  years,  and  that  variable  was  not 
included.  Multiple  correlation  between 
year-class  strength  and  escapement,  water 
levels,  and  water  fluctuations  was  sig- 
nificant at  the  5-percent  level  (R= 0.925, 
dj.  =  b).  The  three  factors  were  associ- 
ated with  approximately  77  percent  of 
the  variation  (RA)  in  Pelican  Creek 
production. 

When  estimates  of  year-class  strength 
were  transformed  to  base- 10  logarithms 
and  were  then  correlated  with  escape- 
ment, mean  water  levels  and  water-level 
fluctuations,  the  correlation  was  signifi- 
cant  at    the    1-percent   level    (R  =  0.980) 


and  the  amount  of  the  variance  related 
to  these  factors  increased  to  93.8  percent. 
Elimination  of  escapement  from  the  mul- 
tiple regression,  and  comparison  of  year- 
class  strength  with  water  levels  and  water 
fluctuations,  reduced  the  correlation  to 
0.978,  but  the  amount  of  variation  in 
year-class  strength  (Ri)  associated  with 
these  two  measurements  of  water  condi- 
tion was  94.3  percent.  This  correlation 
was  also  significant  at  the  1 -percent  level. 

A  series  of  residuals  (Ricker,  1958)  was 
used  to  determine  whether  timing  of  the 
runs  could  account  for  the  remaining  vari- 
ations in  year-class  strength  after  the 
effects  on  year-class  strength  of  mean 
water  level  and  water-level  fluctuations 
were  removed.  The  use  of  residuals  was 
considered  legitimate,  as  the  effect  of 
water  levels  on  production  has  been  re- 
ported frequently  in  the  literature,  and 
the  concurrent  fluctuations  in  water  level 
and  production  in  Pelican  Creek  strongly 
suggest  that  a  causal  relation  exists.  The 
residuals  are  the  positive  and  negative 
deviations  from  the  regression  line  which 
expresses  the  relation  between  log- 10  year- 
class  strength,  mean  June-July  water  lev- 
els and  the  difference  in  mean  June  and 
mean  July  water  levels.  They  indicate 
the  amount  of  error  in  the  estimates  for 
the  years  considered.  Computation  of  the 
residuals  for  Pelican  Creek  is  presented 
in  appendix  B.  Correlation  between  the 
residuals  and  timing  of  the  runs  was  not 
significant  (r=—  0.410,  dj=b).  Hence, 
the  conclusion  that  timing  of  the  runs 
was  of  little  importance  in  controlling 
Pelican  Creek  production  during  the 
study  period  appears  to  be  correct. 

There  is  some  suggestion  that  part  of 
the  high  correlation  between  water  con- 
ditions and  year-class  strength  was 
actually  due  to  escapement,  as  two  years 
of  good  production  (1953,  1955)  had  large 
escapements  as  well  as  low  water  levels. 
This  relation  between  water  levels  and 
escapement  is  indicated  by  a  correlation 


of  0.404  (not  significant).  Figures  3  and 
4  show  that  both  June-July  water  levels 
and  year-class  strength  were  essentially 
the  same  in  1948,  1952,  and  1954,  but  that 
the  1952  escapement  (613  females)  was 
less  than  10  percent  of  the  1954  escape- 
ment and  less  than  14  percent  of  the  1948 
escapement.  Water  levels  definitely  ap- 
peared to  be  a  stronger  influence  than 
escapement,  at  least  to  the  extent  that 
high  escapement  could  not  produce  a 
strong  year  class  unless  favorable  water 
conditions  existed. 

Further  clarification  of  the  relation  of 
water  conditions  and  escapement  to  year- 
class  strength  is  obtained  by  adjusting 
year-class  abundance  to  average  condi- 
tions of  water  level  and  water  fluctuation. 
The  procedure  used  for  adjusting  year- 
class  abundance  is  as  follows.  The  resid- 
uals previously  obtained  by  removing  the 
effect  of  mean  water  levels  and  water-level 
fluctuations  were  added  to  the  mean 
logarithmic  value  of  year-class  strength 
and  the  antilogs  computed  (appendix  C). 
The  adjusted  estimates  of  year-class 
strength  were  then  plotted  against  female 
escapement  (fig.  5).  The  resulting  re- 
production curve,  drawn  in  freehand,  is  a 
Beverton-Holt  type  curve  (Beverton  and 
Holt,  1957,  p.  51)  illustrating  a  popula- 
tion in  which  year-class  abundance  is 
independent  of  parent  escapement  over  a 
wide  range.  Production  in  Pelican  Creek 
is  probably  not  as  independent  of  spawner 
escapement  as  indicated  by  this  curve, 
but  is  undoubtedly  controlled  more  by 
water  conditions  within  the  observed 
range  of  spawner  numbers  than  by  size  of 
the  escapement.  Under  suitable  water 
conditions  the  reproduction  curve  may  be 
quite  similar  to  the  curve  in  figure  3. 

Chipmunk  Creek 

There  was  less  evidence  of  a  relation 

between  parent  and  progeny  numbers  in 
the  Chipmunk  Creek  spawning  runs 
(/•= 0.230,    d,f.  =  6)    than    in    the    Pelican 
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Figure  5. — Pelican  Creek  reproduction  curve  with  number  of  progeny  adjusted  to  average  water 

conditions — expressed  in  thousands  of  fish. 


Creek  runs.  This  lack  of  significant 
correlation  is  apparent  from  the  scatter 
diagram  of  Chipmunk  Creek  escapement 
and  number  of  fish  of  age  groups  III,  IV, 
and  V  returning  from  each  year  class 
(fig.  6).  Recruitment  to  ensuing  runs  of 
progeny  from  approximately  the  same 
number  of  female  spawners  in  six  different 
years  varied  from  2,729  to  11,524  fish. 
Shape  of  the  reproduction  curve  was  not 
apparent  from  the  data  due,  in  part,  to 
the  limited  range  in  number  of  spawners. 
The  regression  line  shown  was  fitted  by 
least  squares.  The  broken  diagonal  line 
is  based  on  the  average  sex  ratio  of  1.48 
females  per  male  for  Chipmunk  Creek 
spawners  (Ball  and  Cope,  1961)  and  indi- 
cates the  line  upon  which  the  parental 
stock  just  replaces  itself.  Escapement  to 
the  right  of  the  diagonal  line,  as  indicated 
by  1950  data,  failed  to  produce  equal 
numbers  of  progeny.     The   1950  escape- 


ment containing  2,628  females  had  a 
return  of  only  2,729  progeny,  while 
approximately  4,438  fish  of  both  sexes 
were  needed  to  maintain  the  same  popula- 
tion density.  In  1946  the  parental  stock 
just  replaced  itself.  The  desirable  abun- 
dance level  of  female  spawners  for  Chip- 
munk Creek  appears  to  be  about  2,724 
fish,  the  average  number  for  the  eight 
years  examined.  This  figure  represents  a 
spawning  run  of  approximately  4,600  fish 
based  on  the  average  sex  ratio  of  previous 
runs. 

Correlation  between  year-class  strength 
and  mean  air  temperature  during  the 
June-July  spawning  period  was  also  not 
significant  for  Chipmunk  Creek  (r= 0.100, 
dj.  =  6).  There  was  no  relation  (r=0.093) 
between  year-class  strength  and  mean  air 
temperature  during  August,  the  month 
when  stream  temperatures  were  highest 
in  Chipmunk  Creek. 


10 


Timing  of  the  spawning  runs  was 
associated  with  Chipmunk  Creek  produc- 
tion, as  45  percent  (r=—  0.673,  d.f.  =  Q)  of 
the  variation  in  year-class  strength  was 
associated  with  timing  although  the  cor- 
relation was  not  high  enough  to  be  sig- 
nificant. From  May  28  to  July  8,  the 
earlier  that  50  percent  of  the  run  moved 
upstream,  the  greater  was  the  production 
from  Chipmunk  Creek.  The  correlation 
was  not  related  to  the  bimodal  nature  of 
the  Chipmunk  Creek  runs  because  the  time 
by  which  50  percent  of  the  run  had  moved 
upstream  did  not  coincide  with  the  first 
peak  in  the  number  of  spawners.  Data 
presented  later  suggest  that  the  correlation 
resulted  from  both  variables  being  in- 
fluenced by  water  levels. 

Chipmunk  Creek  averaged  12.7  days 
later  than  Pelican  Creek  for  50  percent  of 
the  run  to  be  upstream  for  the  6  years  in 
which  data  on  timing  of  the  runs  were 
available     (table    2).     For    purposes    of 


analysis  the  spawning  and  incubation 
period  was  assumed  to  be  2  weeks  later  in 
this  stream  than  in  Pelican  Creek.  There 
appeared  to  be  no  justification  from 
plotted  data  to  transform  year-class  esti- 
mates to  logarithmic  values,  and  actual 
estimates  were  used.  Comparison  of 
Chipmunk  Creek  year-class  strength  with 
mean  lake  water  levels  from  June  15  to 
August  15  was  not  quite  significant  at  the 
5-percent  level  (r=  —  0.667,  d./.  =  6). 
Failure  to  obtain  a  higher  correlation 
suggests  either  that  lake  water  levels  do 
not  accurately  represent  Chipmunk  Creek 
stream  flow  or  that  water  level  has  less 
control  over  production  in  Chipmunk 
Creek  than  in  Pelican  Creek.  A  correla- 
tion, significant  at  the  5-percent  level, 
between  year-class  strength  and  mean 
July  lake  levels  (r=  —0.755)  indicates  that 
the  month  of  July  may  be  the  critical 
period  for  water  levels  in  Chipmunk  Creek 


12 

* 

/ 
/ 

10 

/ 

$                E 

/___- 

>- 

5      8 

• 

"-"""         / 

UJ 

/ 

o 

uj      6 

/ 

ID 

5 

'h9 

/ 

/ 

/ 

s 

/ 

4 

/'  IS 

2 

n 

/ 
/ 
/ 
/ 
/ 
/ 
'                i                  . 

J 1 L 

1 1 

0  12  3  4  5  6  7 

FEMALE       ESCAPEMENT 

Figure  6. — Chipmunk  Creek  female  escapement  in  relation  to  the  year  class  it  produced — expressed 
in  thousands  of  fish.  Line  fitted  by  least  squares.  The  broken  line  indicates  the  level  at  which 
replacement  of  parental  stock  occurs. 


11 


rather  than  the  period  from  June  15  to 
August  15. 

The  amount  of  fluctuation  in  water 
levels  within  the  Chipmunk  Creek  spawn- 
ing period  was  expressed  as  the  difference 
between  mean  water  levels  for  the  first 
month  of  the  period  (June  15  to  July  15) 
and  the  second  month  (July  15  to  August 
15).  The  correlation  was  high  but  not 
significant  (r=—  0.655,  dj.  =  6). 

Comparison  of  various  combinations  of 
factors  with  Chipmunk  Creek  year-class 
strength  did  not  reveal  any  significant 
correlations: 

Variables  compared  R 

Water  levels,  water  fluctuations,  escape- 
ment, timing  of  runs 0.  834 

Water  levels,  water  fluctuations,  escape- 
ment      .  817 

Water  levels,  water  fluctuations,  timing  of 
runs .  799 

Water  levels,  water  fluctuations .  794 

Mean  water  levels  from  June  15  to 
August  15  were  used  in  this  analysis  be- 
cause the  2-month  period  covered  the 
time  of  major  incubation  in  all  years. 
Escapement  and  timing  of  the  runs  con- 
tributed little  to  the  multiple  correlation, 
even  though  timing  was  almost  signif- 
icantly correlated  with  year-class  strength 
when  compared  alone  (r=—  0.673).  Mean 
water  levels  from  June  15  to  August  15 
and  the  difference  in  mean  water  levels 
between  the  first  and  second  month  of  this 


period  contributed  most  to  the  multiple 
correlation  (R= 0.794),  but  could  still 
account  for  less  than  half  of  the  variation 
in  year-class  strength  {R\— 0.483). 

A  significant  correlation  between  water 
levels  and  timing  of  the  runs  (r= 0.794, 
d.f.  =  Q)  explains  why  more  of  the  variation 
in  year-class  strength  was  not  accounted 
for  when  both  variables  were  considered 
together  with  year-class  strength.  Al- 
though water  levels  from  June  15  to 
August  15  did  not  coincide  exactly  with 
time  of  the  spawning  runs,  the  high  cor- 
relation suggests  a  causal  relation  between 
water  levels  and  timing.  Workers  oper- 
ating the  fish  traps  in  both  Pelican  and 
Chipmunk  Creeks  always  expect  an  in- 
crease in  the  runs  following  a  peak  in 
stream  water  levels.  Cope  (1956)  re- 
ported that  diurnal  fluctuations  in  stream 
temperature  and  water  flow  triggered 
upstream  migration  of  spawners  in  Arnica 
Creek,  another  tributary  to  Yellowstone 
Lake.  Stream  discharge  frequently  in- 
fluences the  time  of  migration  of  spawning 
salmonids  (Shapovalov  and  Taft,  1954), 
and  artificial  freshets  have  even  been  used 
to  trigger  spawning  runs  of  Atlantic 
salmon  (Hayes,  1953).  Water  levels  in 
Chipmunk  Creek  influenced  timing  of  the 
spawning  runs  as  well  as  year-class 
strength. 


PREDICTION  OF  FUTURE  PRODUCTION 


Recruitment  to  the  fishery 

Knowledge  of  factors  associated  with 
year-class  strength  is  important  for  esti- 
mating future  recruitment  to  the  fishery. 
Stream  flow  during  spawning  appears  to 
be  the  major  factor  controlling  production 
in  Pelican  Creek  and  Chipmunk  Creek 
although  the  actual  means  by  which  it 
accomplishes  this  control  is  not  known. 
The  method  used  for  determining  the 
effect   on   year-class   strength   of   stream 


flow  and  other  environmental  factors  in- 
troduced an  unknown  amount  of  bias 
which  can  be  detected  only* by  reference 
to  future  data.  Hence,  forecasts  of  future 
recruitment  based  on  the  observed  cor- 
relations must  be  viewed  with  caution. 
Chipmunk  Creek  correlations  were  in- 
adequate for  prediction,  but  correlations 
between  lake  water  levels  and  Pelican 
Creek  production  were  sufficiently  high 
that    numerical    estimates    of    year-class 
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strength  can  be  calculated  for  this  stream. 
The  values  obtained  are  estimates  of  the 
number  of  initial  spawners  to  expect  from 
a  year  class.  As  the  fishery  centers  on 
fish  of  essentially  the  same  age  groups  as 
found  in  the  spawning  runs,  the  estimates 
also  provide  an  index  of  relative  year-class 
strength  in  that  portion  of  the  lake  fishery 
supported  by  fish  from  the  stream.  The 
estimates  should  be  reliable  in  the  future 
if  our  assumption  that  escapement  is  of 
secondary  importance  is  correct  and  over- 
fishing does  not  reduce  spawning  runs 
below  the  levels  observed  during  this 
study. 

Pelican  Creek  estimates  are  valuable 
because  year-class  strengths  of  Pelican 
Creek  and  the  Fishing  Bridge  area  fishery 
are  similar,  and  the  Fishing  Bridge  area 
accounts  for  over  60  percent  of  the  total 
annual  catch  from  Yellowstone  Lake.  It 
was  necessary  to  use  another  method  for 
estimating  year-class  strength  to  illustrate 
this  similarity.  The  method  used  for 
spawning  runs  could  not  be  applied  to  the 
fishery  because  the  catch  fluctuated  widely 
from  1950  to  1959  and  the  size  of  the 
catchable  population  was  not  known.  The 
el-Zarka  (1959)  method  based  on  the  rela- 
tive contributions  of  two  consecutive  year 
classes  was  used  (appendix  D).  Relative 
year-class  strength  estimates  from  Pelican 
Creek  spawning  runs  and  Fishing  Bridge 
catch  are  significantly  correlated  (r= 0.825, 
^•/•  =  6),  and  either  can  be  used  as  an 
index  of  year-class  strength  for  both. 
Samples  from  both  areas  indicated  that 
1949  and  1953  produced  good  year  classes 
and  that  1947,  1951,  and  1954  produced 
poor  year  classes.  Factors  that  control 
year-class  strength  in  Pelican  Creek  ob- 
viously influence  other  spawning  streams 
contributing  to  the  Fishing  Bridge  area 
fishery.  Hence,  estimates  of  Pelican  Creek 
year-class  strength  should  also  indicate 
the  relative  amount  of  recruitment  to  the 
fishery  that  can  be  expected  from  each 
year  class. 


The  prediction  equation  for  Pelican 
Creek  utilizes  the  mean  lake  water  levels 
during  spawning  and  incubation  and 
differences  between  mean  water  levels 
during  this  period.  The  equation  is  ex- 
pressed as  follows: 

F=5.90487-0.42450Z1-0.18625Z2 

A 

where  Y  is  logio  year-class  strength  ex- 
pressed as  the  number  of  fish  of  age  groups 

III  and  IV  recruited  to  the  spawning  runs 
from  year  class,  X\  is  the  mean  June- July 
lake  level  in  feet,  Xi  is  the  difference  in 
feet  between  mean  June  and  mean  July 
lake  levels. 

Comparison  of  estimated  year-class 
strength  (geometric  mean  estimates)  with 
empirical  values  indicates  that  the  trend 
is  very  similar  in  most  years  (fig.  7). 
Estimated  strength  of  the  1948  year  class 
was  23  percent  higher  than  the  actual 
value.  Error  of  the  estimates  in  other 
years  was  less,  but  sufficient  to  indicate 
that  estimates  of  future  year-class  strength 
must  be  accepted  with  due  caution. 

Recruitment  of  cutthroat  to  the  Yellow- 
stone Lake  fishery  commences  in  the 
third  year  of  life  (age  group  II)  and  is 
completed  in  the  fifth  year  of  life.  The 
major  contribution  of  each  year  class 
occurs  during  the  fifth  year  of  life  at  age 

IV  (Bulkley,  1961).  Thus,  the  1961 
fishery  will  draw  mainly  from  the  1957 
year  class,  and  the  1962  fishery  from  the 
1958  year  class.  Estimates  of  relative 
year-class  strength  from  the  above  for- 
mula for  1957  and  1958  in  Pelican  Creek 
with  95-percent  confidence  limits  are  as 
follows:  1957,  7,121  (4,971-10,200);  1958, 
14,910  (10,150-21,900).  Spawner  num- 
bers were  adequate  in  these  two  years,  as 
female  escapement  was  approximately 
10,414  fish  in  1957  and  4,320  fish  in  1958. 
The  confidence  limits  are  so  wide  partly 
because  they  are  set  about  a  single  value 
of  Y  instead  of  the  mean  Y  value  for  the 
given  values  of  Xx  and  X2,  but  they  also 
indicate    the    large    amount    of    possible 
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Figure  7. — Recruitment  to  Pelican  Creek  spawning  runs  by  year  class  (solid  line)  and  estimated 
recruitment)  recruitment  (broken  line)  from  1948  to  1958 — expressed  in  thousands  of  fish. 


error  in  the  estimates.  The  1957  year 
class  was  below  average  strength  when 
compared  with  data  from  previous  years 
(fig.  7).  This  year  class  was  also  heavily 
exploited  at  age  III  in  I9602  so  that 
relatively  few  fish  of  age  group  IV,  will 
be  available  to  the  1961  Fishing  Bridge 
area  fishery.  The  1958  year  class  was 
very  strong,  and  fish  of  age  group  III 
should  be  relatively  abundant  in  the  1961 
fishery.     Adequate  stocks  of  fish  of  age 

2  See  footnote  1  on  p.  3. 


group  IV  will  be  available  for  the  fishery 
in  1962  providing  the  1958  year  class  is 
not  overexploited  at  age  III  in  1961. 

Numerical  estimates  of  Chipmunk 
Creek  year-class  strength  are  subject  to 
considerable  error  because  only  half  of  the 
variation  in  year-class  strength  can  be 
attributed  to  known  factors.  Present 
data  indicate  that  good  production  can 
be  expected  if  water  levels  are  low  and 
relatively  stable  during  the  incubation 
period  and  if  spawner  numbers  are  ade- 
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quate.  Weak  year  classes  will  be  pro- 
duced in  years  when  lake  water  levels  are 
high  or  fluctuate  widely  during  June  and 
July,  even  if  spawning  runs  are  large. 
More  accurate  data  are  necessary  on 
Chipmunk  Creek  stream  flow  and  related 
variables  before  numerical  estimates  of 
year-class  strength  can  be  made. 

Strengthening  of  weak  year  classes 

Although  the  Yellowstone  Lake  fishery 
can  produce  an  excellent  yield  from 
natural  reproduction  alone,  knowledge  of 
probable  year-class  abundance  at  the  time 
the  year  class  is  produced  provides  an 
opportunity,  if  desired,  to  strengthen 
weak  year  classes  by  stocking.  As 
strength  of  the  year  class  apparently  is 
determined  during  the  spawning  and 
incubation  period,  supplemental  planting 
of  fry  after  this  period  would  compensate 
for  low  survival  in  years  of  high  water. 
There  is  little  doubt  that  fry  planting  in 
tributary  streams  of  Yellowstone  Lake  can 
be  of  great  benefit.3  Year  classes  from 
1940  to  1944  in  Pelican  Creek  were  entirely 
the  result  of  fry  4  planting  (no  escapement 
allowed),  and  these  year  classes  were 
stabler  and  stronger,  on  the  average,  than 
year  classes  produced  from  natural  repro- 
duction.    It  should   be  noted,   however, 


3  See  footnote  1  on  p.  3. 

4  Some  fish  were  classified 
records. 


as  1-inch  fingerlings  in  the  hatchery 


that  the  two  strongest  year  classes  (1953 
and  1955)  produced  in  Pelican  Creek  from 
1942  to  1956  5  were  entirely  the  result  of 
natural  reproduction.  In  years  of  favor- 
able water  conditions,  planting  would  be 
unnecessary  so  long  as  escapement  was 
adequate. 

Data  in  table  3  provide  an  index  for 
determining  whether  planting  of  fry  would 
be  desirable  in  any  given  year.  Pelican 
Creek  spawners  failed  to  replace  them- 
selves with  equal  numbers  of  recruits  in 
1948,  1949,  1954,  and  1956.  In  1948, 
1954,  and  1956  mean  June- July  lake 
water  levels  were  4.75  feet  or  higher,  well 
above  the  9-year  average  of  4.60  feet  for 
this  period.  In  1949  the  mean  lake  water 
level  was  only  4.53  feet,  but  the  escape- 
ment of  14,591  females  was  the  largest 
number  ever  recorded.  Favorable  water 
levels  in  1949  should  have  allowed  ade- 
quate replacement  of  spawning  stocks. 
Failure  of  the  run  to  replace  itself  is 
attributed  to  excessive  spawner  density 
in  that  year.  With  the  high  fishing 
pressure  in  recent  years,  we  doubt  whether 
excessive  escapement  will  be  a  future 
problem.  The  fact  that  mean  lake  levels 
during  spawning  were  4.75  feet  or  higher 
in  three  of  the  four  years  of  insufficient 
replacement  leads  us  to  conclude  that 
very  low  natural  production  can  be  ex- 

*  See  footnote  1  on  p.  3. 


Table  3. 


-Spawner  and  recruitment  numbers  for  Pelican  and  Chipmunk  Creeks  with  related  lake  water 

levels 


Mean 
June-July 
water  lev  el 

Mean 

July  water 

level 

Pelican  Creek 

Chipmunk  Creek 

Year-class 

Female 
escape- 
ment 

Recruitment, 
both  sexes 

Recruitment 

needed  to 
replace  stock1 

Female 
escape- 
ment 

Recruitment, 
both  sexes 

Recruitment 

needed  to 
replace  stock1 

1945...   

Feet 

Feet 
4.24 
3.75 
4.62 
4.49 
4.38 
5.34 

2,331 
6,350 
841 
2,449 
2.650 
2, 628 

11,524 
10,665 
8,838 
7,500 
5.286 
2,  729 

3,906 

1946 

10.640 

1947.. 

1,409 

1948 

4.75 
4.53 
4.61 
4.72 
4.77 
3.74 
4.75 
3.95 
5.61 

4,418 
14, 591 
3,381 
1,969 
613 
7,  475 
6,438 
9,030 
4,166 

5,032 
8,377 
6,755 
7,  569 
4,985 

12,863 
5,267 

16,028 
2,503 

7,109 
24. 056 

5,440 

3,168 
986 
12,027 
10. 359 
14,629 

6,703 

4,104 

1949... 

4,441 

1950.... 

4,404 

1951... 

1952 

1953 

4.27 
5.19 

2,711 
8, 287 

9.184 
6,  921 

4.  .543 

1954 

5.  424 

1955... 

1956... 

1  Based  on  average  sex  ratio  of  1.64  females  per  male. 
1  Based  on  average  sex  ratio  of  1.48  females  per  male. 
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pected  in  years  when  this  water  condition 
occurs.  Supplemental  fry  planting  should 
significantly  increase  production  in  Pelican 
Creek  in  these  years. 

According  to  available  data,  Chipmunk 
Creek  spawners  failed  to  replace  them- 
selves only  in  1950  when  the  mean  July 
lake  level  (5.34  feet)  was  the  highest 
recorded.  The  next  highest  mean  July 
level  was  5.19  feet  in  1954,  when  the 
spawning  run  more  than  replaced  itself. 
The  critical  July  water  level  for  Chip- 
munk Creek  production  must  lie  between 
5.19  and  5.34  feet.  Supplemental  stock- 
ing of  fry  would  appear  to  be  beneficial 
in  this  stream  whenever  mean  July  lake 
level  exceeds  5.19  feet. 

Reliable  forecasts  of  lake  water  levels 
are  essential  in  a  management  program 
based  on  water  conditions  where  fish 
planting  is  desirable  in  some  years  and 
not  in  others;  preparations  must  be  made 
in  advance  for  the  taking  of  spawn  and 
for  hatchery  operations.  Since  1937  the 
U.S.  Soil  Conservation  Service,  in  coopera- 
tion with  the  U.S.  National  Park  Service, 
has  conducted  a  snow  survey  at  several 
points  in  the  Yellowstone  Lake  drainage. 
By  relating  snow  survey  measurements 
taken  over  a  period  of  years  to  spring- 
summer  runoff  during  the  same  period, 
relations  have  been  developed  which  make 
it  possible  to  forecast  seasonal  runoff 
several  months  in  advance  of  occurrence. 
Snow  survey  data  from  1937  to  1960  were 
utilized  by  the  Soil  Conservation  Service 
at  Bozeman,  Mont.,  to  compute  formulas 
for  accurately  predicting  Yellowstone  Lake 
water  levels  in  June  and  July  as  early  as 
March  1  of  the  same  year.  Accuracy  of 
the  forecasts  is  influenced  by  the  amount 
of  precipitation  during  the  spring  and 
early  summer  and  by  air  temperatures 
during  the  melt  season.  The  forecasts 
are  sufficiently  accurate  to  determine 
whether  water  conditions  will  be  suitable 
for  cutthroat  reproduction  and  whether 
fry  stocking  would  be  advisable. 


Forecasts  of  Yellowstone  Lake  water 
level  during  1961  based  on  snow  conditions 
as  of  March  1,  1961,  are  as  follows: 6  The 
expected  mean  June-July  lake  water  level 
will  be  approximately  3.94  feet,  well  below 
the  level  where  supplemental  planting  is 
recommended  (4.75  feet).  Expected 
mean  June-July  lake  water  level  based  on 
snow  conditions  as  of  April  1,  1961,  is 
3.87  feet,  slightly  lower  than  the  March  1 
estimate  but  essentially  the  same.  Con- 
ditions for  trout  reproduction  in  Pelican 
Creek  should  be  excellent  in  1961.  The 
mean  July  lake  water  level  is  predicted  to 
be  4.07  feet  above  datum  based  on  March 
1  snow  conditions  and  4.05  feet  according 
to  snow  conditions  on  April  l.7  Favor- 
able water  conditions  are  also  indicated 
for  Chipmunk  Creek  production  if  runoff 
is  gradual.  These  water  forecasts  suggest 
that  fry  stocking  is  unnecessary  in  1961 
and  that  a  strong  year  class  will  be  pro- 
duced, but  inadequate  spawner  escape- 
ment may  seriously  reduce  production. 
A  very  low  escapement  is  expected  in  both 
streams  in  1961  owing  to  the  heavy  over- 
fishing in  1959  and  1960  in  Yellowstone 
Lake  8  and  to  the  weak  1957  year  class  in 
Pelican  Creek.  If  spawner  escapement 
falls  below  previous  levels,  the  number  of 
spawners  may  become  the  major  factor 
limiting  production.  Data  collected  in 
1961  and  ensuing  years  should  cast  addi- 
tional light  on  the  relation  of  spawner 
escapement  and  water  levels  to  year-class 
strength  and  allow  for  the  refinement  of 
the  prediction  formulas.9 


6  Personal  correspondence  from  Mr.  Ashton  R.  Codd,  Snow 
Survey  Supervisor,  Soil  Conservation  Service,  Bozeman,  Mont. 

7  After  1961  forecasts  of  Yellowstone  Lake  water  conditions 
based  on  snow  condition  on  February  1,  March  1,  and  April  1 
will  appear  in  "Snow  Survey  and  Water  Supply  Forecasts  for 
Montana  and  Northern  Wyoming  (Upper  Missouri  and  Upper 
Columbia  River  Basins)."  U.S.  Department  of  Agriculture, 
Soil  Conservation  Service,  and  Montana  Agricultural  Experi- 
ment Station,  Bozeman,  Mont. 

8  See  footnote  1  on  p.  3. 

9  The  actual  number  of  initial  spawners  from  the  1957  year  class 
which  entered  the  1960  and  1961  Pelican  Creek  runs  was  8,643, 
which  was  21  percent  above  the  predicted  number  but  well 
within  the  established  confidence  limits. 
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SUMMARY 


Large  fluctuations  in  year-class  strength 
of  cutthroat  trout  occurred  from  1948  to 
1956  in  Pelican  Creek  and  from  1945  to 
1954  in  Chipmunk  Creek.  Recruitment 
to  the  spawning  runs  was  used  as  an  index 
of  year-class  strength. 

Recruitment  was  related  to  female 
escapement  in  Pelican  Creek,  although 
the  exact  shape  of  the  reproduction  curve 
was  obscured  by  environmental  influences. 
Correlation  between  female  escapement 
and  recruitment  of  the  year  class  was  not 
significant  (r=0.480).  The  1949  run  of 
14,591  female  spawners  appeared  to  be 
an  excessive  escapement  for  Pelican  Creek. 
Maximum  production  should  be  obtained 
from  approximately  9,000  females  if  en- 
vironmental conditions  are  suitable.  The 
date  by  which  50  percent  of  the  Pelican 
Creek  run  moved  upstream  was  not  a 
critical  factor  in  production  (r=0.115). 
Mean  air  temperature  during  the  spawn- 
ing period  (r= 0.325)  and  during  the 
month  of  maximum  stream  temperature 
(r=  0.049)  were  also  not  major  factors. 

Mean  lake  level  during  June  and  July 
which  was  used  as  an  index  of  stream 
flow  was  strongly  correlated  with  Pelican 
Creek  year-class  strength  (r=  —  0.955). 
Variation  in  year-class  strength  associated 
with  mean  water  levels  and  the  difference 
in  water  levels  during  spawning  amounted 
to  94.3  percent  (5=0.978).  The  analyses 
indicate  that  adequate  escapement  cannot 
produce  an  abundant  year  class  unless 
water  levels  are  favorable. 

Chipmunk  Creek  year-class  strength 
appeared  to  be  completely  independent 
of  escapement  (r= 0.230)  within  the  range 
of  841  to  6,350  female  spawners.  The 
average  escapement  of  2,724  females 
appeared  to  be  adequate.  The  time  by 
which  50  percent  of  the  run  moved  up- 
stream was  correlated  with  Chipmunk 
Creek  year-class  strength  (r=—  0.673), 
but  this  relation  was  not  causal  because 


water  levels  influenced  both  timing  of  the 
runs  and  year-class  strength.  Air  temper- 
atures during  the  spawning  period  (r= 
0.100)  and  during  August  when  stream 
temperature  was  highest  (r=0.093)  were 
not  critical  factors.  Multiple  correlation 
between  year-class  strength,  mean  water 
level,  and  fluctuations  in  water  levels 
during  the  incubation  period  showed  that 
less  than  50  percent  of  the  variation  in 
year-class  strength  (R= 0.794)  was  associ- 
ated with  these  two  factors. 

Recruitment  to  the  Pelican  Creek 
spawning  runs  from  the  1957  and  1958 
year  classes  was  estimated  to  be  7,121  and 
14,910  fish  respectively  from  the  formula 
r=5.90487-0.42450X!-018625Z2.  Year- 
class  strength  in  Pelican  Creek  and  the 
Fishing  Bridge  area  fishery  are  similar. 
The  number  of  age  IV  fish  in  the  fishery 
will  be  well  below  average  in  1961  and 
above  average  in  1962  unless  overfishing 
removes  the  fish  at  a  younger  age.  No 
predictions  were  made  from  Chipmunk 
Creek  correlations,  but  good  year  classes 
can  be  expected  if  water  levels  are  low 
and  stable  during  spawning  and  if  escape- 
ment is  adequate. 

Stocking  of  fry  has  been  successful  in 
past  years,  which  indicates  that  the  large 
fluctuations  in  year-class  strength  can  be 
leveled  off  by  fry-planting  in  years  of 
unsuitable  water  conditions.  Stocking  is 
recommended  in  Pelican  Creek  in  years 
when  mean  June-July  lake  level  is  above 
4.75  feet  and  in  Chipmunk  Creek  when 
mean  July  lake  level  is  above  5.19  feet. 
Acceptable  forecasts  of  lake  water  levels 
during  incubation,  to  determine  whether 
stocking  is  necessary  in  any  given  year, 
can  be  made  as  early  as  March  1  from 
snow  survey  data.  The  forecast  for  1961 
indicates  that  water  levels  should  be 
excellent  for  trout  production  if  runoff  is 
gradual. 
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Appendix  A-WATER  LEVELS  AND  AIR  TEMPERATURE  DATA  ON 

YELLOWSTONE  LAKE 

Table  A-l. —  Yellowstone  Lake  mean  water  levels  and  mean  air  temperatures,  19^5  to  1956 


Factor  and  period 

1945 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

Water  level  (feet) : 

June  1-15 

16-30 

3.65 
5.09 
4.11 
4.36 
3.74 

43.1 
51.0 
53.0 

3.54 
4.16 
4.01 
3.49 
2.83 

48.8 
56.2 
53.1 

3.70 

4.57 
4.73 
4.51 
3.85 

43.6 

55.8 
52.6 

4.61 
5.39 
4.94 
4.03 
3.22 

50.2 

58.0 
59.0 

4.31 
5.05 
4.77 
3.98 
3.19 

46.8 
54.1 
54.4 

3.10 
4.67 
5.59 
5.08 
4.05 

44.8 
50.8 
51.6 

4.02 

4.86 
5.09 
4.89 
4.53 

41.7 
55.4 
52.9 

4.67 
5.88 
4.54 
4.00 
3.35 

48.7 
52.0 
52.8 

2.24 
4.18 
4.52 
4.01 
3.25 

46.2 
57.1 
54.1 

3.96 
4.65 
5.45 
4.92 
3.85 

43.7 
61.8 
51.3 

2.84 
4.22 
4.34 
3.88 
3.29 

45.3 

56.3 
56.4 

5.61 
6.38 

July  1-15 

5.70 

16-31 

4.73 

August  1-15 

3.81 

Air  temperature  (°F.): 

June  1-30 -. 

54.0 

July  1-31 

55.6 

August  1-31 

52.7 

Appendix  B-COMPUTATION  OF  RESIDUALS 

Table  B-l. — Calculations  used  to  compute  residuals  for  Pelican  Creek  year-class  strength  with  effect  of 
annual  and  monthly  water-level  fluctuations  removed 


Year 

Number  of  fish  in 

age  groups  III 
and  IV  returning 

Log  io 
Y 

Mean  June- 
July  water 
levels 

Difference  be- 
tween mean  June 
and  mean  July 
water  levels 
Xi 

Calculated  » 
Y 

Residuals 
Y-Y 

1948 

5,032 
8,377 
6.755 
7.569 
4.985 

12,  863 
5,267 

16, 023 
2,503 

3.  70174 
3.  92309 
3.  82963 
3.  87904 
3. 69767 
4. 10934 

3.  72156 

4.  20474 
3.  39846 

4.75 
4.53 
4.61 
4.72 
4.77 
3.74 
4.75 
3.95 
5.61 

0.51 
0.30 
1.45 
0.55 
1.01 
1.06 
0.88 
0.33 
0.78 

3.  79352 
3.  92602 
3.  86413 
3.  79880 
3.  69191 
4. 11984 
3.72461 
4. 16665 
3.  37816 

-0. 09178 

1949 

-0.  00293 

1950 

-0.  03450 

1951 

0.  08024 

1952 

0. 00576 

1953 

-0.  01050 

1954 

-0. 00305 

1955 

0. 03809 

1956 

0. 02030 

_ 

Calculated  from  the  formula  F=5. 90487-0.  42450^1—0. 18625Xj 


Appendix  C-ADJUSTED  ESTIMATES  OF  PELICAN  CREEK  YEAR-CLASS 

STRENGTH 


Table  C-l. — Calculation  of  year-class  strength  for 
average  June-July  lake  water  levels  and  average 
change  in  mean  water  levels  from  June  to  July 


1 
Year 

2 

Log  resid- 
uals 

3 

Female 
escapement 

4 

Log  ad- 
justed 
numbers  ' 

5 

Adjusted 
year-class 
strength  2 

1948 

-0. 09178 

-0. 00293 

-0. 03450 

0.  08024 

0. 00576 

-0.  01050 

-0.  00305 

0.  03809 

0.  02030 

4,418 
14,  591 
3,381 
1,969 
613 
7,475 
6,  438 
9,030 
4,166 

3.  73769 
3.  82654 
3.  79497 
3.  90971 
3.  83523 
3.  81897 
3.  82642 
3.  86756 
3.  84977 

5, 457 

1949 

6,707 

1950 

6,237 

1951 

8, 123 

1952 

6.843 

1953 

6,591 

1954 

6,  705 

1955 

7,371 

1956 

7,076 

1  Mean  logio  year-class  strength  = 
plus  column  2. 

2  Antilog  of  column  4. 


'  3.82947.     Column  4  =  3.  82947 
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Appendix  D-RELATIVE  YEAR-CLASS  STRENGTH  OF  PELICAN  CREEK 

AND  FISHING  BRIDGE  CATCH 


The  method  of  el-Zarka  (1959)  was 
used  to  obtain  estimates  of  relative  year- 
class  strength  to  compare  Pelican  Creek 
fish  with  the  catch  at  Fishing  Bridge  dock. 
This  method  is  based  on  the  relative 
contributions  to  the  catch  or  spawning 
runs  of  two  consecutive  year  classes. 
Only  age  groups  III,  IV,  and  V  were  used 
for  the  comparison,  because  age  group  II 
is  not  present  in  the  spawning  runs,  and 
the  older  age  groups  are  not  always  well 
represented  in  the  catch.  Data  from 
table  D-l  will  be  used  to  illustrate  the 
method.  The  1947  year  class  at  Pelican 
Creek  in  its  fourth  year  of  life  comprised 
4.6  percent  of  the  1950  spawning  run  in 
that  stream,  55.4  percent  of  the  1951  run 
in  its  fifth  year  of  life,  and  22.0  percent 
of  the  1952  run  in  its  sixth  year  of  life. 
Sum  of  the  three  percentages  is  82.0 
percent.  The  1948  year  class  in  com- 
parison contributed  at  the  same  ages; 
2.5  percent  of  the  1951  run,  60.3  percent 
of  the  1952  run,  and  29.6  percent  of  the 


1953  run.  Total  for  the  1948  year  class 
was  92.4  percent.  The  percentage  dif- 
ference in  strength  of  the  two  year  classes 
was  then  determined  in  the  following 
manner : 


2  (82.0-92.4)  X100 


=  11.1 


82.0  +  92.4 

Hence,  the  1948  year  class  was  ap- 
proximately 11.9  percent  larger  than  the 
1947  year  class.  Comparisons  and  cal- 
culations used  to  rank  all  year  classes  are 
summarized  in  table  D-2.  The  percentage 
differences  between  years  were  first  ad- 
justed to  give  the  relative  position  of 
each  year  class  in  the  series.  This  ad- 
justment was  made  by  arbitrarily  assign- 
ing year  class  1947  a  value  of  0.0  and 
adding  percentage  differences  of  each 
succeeding  comparison  to  it.  The  result- 
ing series  of  figures  was  then  adjusted  to  a 
mean  of  0.0  for  all  year  classes  to  obtain 
the  final  rankings  presented  in  the  right- 
hand 'column  of  table  D-2. 
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Table  D-l. — Partial  age  composition  and  year  classes  of  Yellowstone  Lake  cutthroat 
[Data  from  Pelican  Creek  spawning  runs  and  catch  at  Fishing  Bridge  dock,  1950-59] 


Year  of  capture 

For  year  class  of— 

1947 

1948 

1949 

1950 

1951 

1952 

1953 

1954 

1950: 

Age  group 

III 

4.6 
13.1 

IV 

55.4 
34.0 

V 

22.0 
23.4 

Percentage: 

Pelican  Creek..  

Fishing  Bridge 

1951: 

Age  group 

III 

2.5 
13.5 

IV 

60.3 
39.2 

V 

29.6 
35.3 

Percentage: 

Pelican  Creek 

Fishing  Bridge. 

1952: 

III 

14,3 

30.9 

IV 

58.3 
30.8 

V 

37.0 
39.3 

Percentage: 

Pelican  Creek 

Fishing  Bridge 

1953: 

Age  group 

III 

8.6 
21.3 

IV 

55.0 
30.1 

V 

32.4 
41.3 

Percentage: 

Pelican  Creek 

1954: 

Age  group 

III 

3.4 

18.8 

IV 

58.2 
26.9 

V 

32.4 
33.5 

Percentage: 

Pelican  Creek 

Fishing  Bridge. 

1955: 

III 

6.5 
20.1 

IV 

59.7 
43.0 

V 

26.0 
30.8 

Percentage: 

Pelican  Creek 

1956: 

III 

5.5 
18.4 

IV 

71.3 
53.5 

V 

27.6 
38.1 

Percentage: 

Pelican  Creek.  

Fishing  Bridge 

1957: 

Age  group 

III 

Percentage: 

Pelican  Creek . 

1.6 

Fishing  Bridge 

12.3 

1958: 

Age  group 

IV 

Percentage: 

Pelican  Creek 

68.7 

Fishing  Bridge. 

46.3 

1959: 

Age  group. _  . 

V 

Percentage: 

Pelican  Creek 

23.3 

17.4 

Table  D-2. — Data  employed  in  determination  of  relative  strength  of  year  classes  1947  to  1954  of  Yellow- 
stone Lake  cutthroat  in  Pelican  Creek  spawning  runs  and  the  catch  at  Fishing  Bridge  dock 

[Age  groups  III,  IV,  and  V  only] 


Year-classes  compared 

Sum  for 
first  year 

Sum  for 
second  year 

Mean 

Difference 

Percentage 

difference 

between 

years 

Relative 
strength  of 
first  year 

Final  rank 
of  first  year 

Pelican  Creek: 

1947-1948 

82.0 
92.4 

109.6 
96.0 
94.0 
92.2 

104.4 

92.4 
109.6 
96.0 
94.0 
92.2 
104.4 
93.6 

87.2 
101.0 
102.8 
95.0 
93.1 
98.3 
99.0 

10.4 
17.2 
-13.6 
-2.0 
-1.8 
12.  2 

-io!i 

11.9 
17.0 
-13.2 
-2.1 
-1.9 
12.4 
-10.9 

0.0 
11.9 
28.9 
15.7 
13.6 
11.7 
24.1 
13.2 

0.0 
22. 1 

35.8 
27.2 
11.5 
28.5 
44.3 
7.8 

-14.9 

1948-1949 

-3.0 

1949-1950 

14.0 

1950-1951 

0.8 

1951-1952 

-1.3 

1952-1953 

-3.2 

1953-1954 

9.2 

1954 

-1.7 

Fishing  Bridge: 

1947-1948  

70.5 
88.0 

101.0 
92.7 
79.2 
93.9 

110.0 

88.0 
101.0 
92.7 
79.2 
93.9 
110.0 
76.0 

79.3 
94.5 
96.8 
86.0 
86.6 
102. 0 
93.0 

17.5 
13.0 
-8.3 

-13.5 
14.7 
16.  1 

-34.0 

22.1 
13.7 
-8.6 

-15.7 
17.0 
15.8 

-36.5 

-22.2 

1948-1949  

-0.1 

1949-1950 

13.7 

1950-1951     

5.1 

1951-1952  

-10.7 

1952-1953 

6.4 

1953-1954 

22.2 

1954 

-14.4 
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ABSTRACT 

A  limnological  oxidation  technique,  based  on  procedures  employed  in  soil  chemistry, 
was  developed  and  tested  by  use  of  purified  organic  compounds  and  various  natural 
substrates.  A  sample  is  oxidized  by  dichromate  in  a  strongly  acid  medium  (2  H2SO*  to 
1  H20,  by  volume)  maintained  at  100°  C.  The  amount  of  dichromate  reacting  (deter- 
mined titrimetrically  as  the  difference  between  the  initial  and  final  quantities)  is 
reckoned  as  Oxygen  Consumed,  or  weight  of  oxygen  required  by  the  sample.  The 
procedure  is  adapted  to  samples  of  different  sizes  by  adjusting  the  volume  or  nor- 
mality of  the  dichromate.  Under  optimal  conditions,  resistant  compounds  are  oxidized 
with  an  efficiency  of  95  percent  or  more.  The  oxidation  also  serves  as  the  principal 
step  for  sensitive  determinations  of  organic  carbon  (as  C02)  and  nitrogen  (as  NH8). 
Both  elements  are  estimated  by  titration  after  diffusion  separation — the  carbon 
absorbed  in  hydroxide  concurrent  with  oxidation  and  the  nitrogen  diffused  subse- 
quently from  the  reacted  mixture  into  a  boric  acid  solution.  These  analyses  require 
no  special  apparatus  or  complicated  procedures.  They  are  sensitive  to  as  little  as  0.01 
milligram  of  organic  matter,  precise  to  within  ±  1  percent  in  the  semimicro  range, 
and  adaptable  to  a  variety  of  sample  materials  and  to  multiple  simultaneous 
determinations. 
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Part  I.      INTRODUCTION 

Estimation  of  the  quantity  of  organic 
matter  in  aquatic  samples  is  difficult 
because  of  its  different  physical  states 
and  its  low  concentration  relative  to 
mineral  matter  and  water.  Probably  the 
most  common  primary  measurement  of 
total  organic  matter  is  a  mass  estimate 
made  by  determining  the  loss  in  weight 
upon  ignition  of  a  sample  that  has  been 
evaporated  to  dryness.  Ignition  loss, 
being  an  indirect  measurement,  carries 
an  error  proportional  to  the  amount  of 
inorganic  matter  present,  and  this  error 
is  usually  too  large  for  meaningful  in- 
terpretation of  analytical  results. 

In  some  circumstances,  the  determi- 
nation of  energy  rather  than  mass  is  a 
more  important  primary  measurement 
of  sample  organic  matter  (cf.  Mac- 
Fadyen,  1949).  The  direct  estimate  of 
organic  energy,  as  done  by  bomb  calo- 
rimetry,  is  difficult  to  adapt  to  limnolog- 
ical  samples.  This  technique  also  has  the 
disadvantages  of  being  analytically  ex- 
acting and  of  not  allowing  rapid  or  mul- 
tiple simultaneous  determinations. 

Various  other  measurements  provide 
information  which  more  fully  describes 
the  organic  nature  of  a  sample.  Aquatic 
organic  matter  has  been  characterized 
in  this  manner  by  specific  molecular  or 
elemental  constituents,  and  by  its  proxi- 
mate composition.  These  determinations 
involve  techniques  such  as  chromatog- 


raphy, spectrophotometry,  combustion 
analysis,  and  solvent  extraction.  Limno- 
logical  adaptions  of  standard  analytical 
methods  may  be  criticized  as  having  in- 
sufficient sensitivity  or  accuracy,  or  as 
being  too  complicated  for  the  skills  and 
facilities  of  the  average  researcher.  Dis- 
solved organic  matter,  especially,  has 
been  inadequately  studied  for  lack  of  a 
simple,  direct  method  of  analysis.  The 
key  problem  in  investigating  aquatic 
organic  matter,  then,  is  methodological. 
Need  for  a  better  method  of  measur- 
ing total  organic  matter  arose  particu- 
larly in  connection  with  continuing 
investigations  of  strongly  oligotrophic 
lakes  in  the  Sierra  Nevada  of  California. 
Net  plankton  was  not  detected  in  some 
of  these  lakes  (Reimers  et  al.,  1955)  and 
in  no  case  did  ignition  loss  exceed  6 
milligrams  per  liter.  At  the  lower  ex- 
treme, the  concentration  of  total  dis- 
solved solids  in  a  small  cirque  lake 
(Reimers,  1958)  was  about  8  milligrams 
per  liter,  and  the  ignition  loss  was  only 
0.2  milligrams  per  liter.  The  situation 
required  an  analytical  method  that  was 
simple,  sensitive  to  low  levels  of  or- 
ganic matter,  and  preferably  adaptable 
to  multiple  simultaneous  determina- 
tions. The  original  objective  in  develop- 
ing such  a  method  was  to  permit  within- 
lake  and  between-lakes  comparisons  of 
total  organic  matter  in  terms  of  mass 
or  energy.   The  principle  of  quantitative 
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oxidation,  or  decomposition  of  a  sample 
with  a  measured  amount  of  oxygen,  ap- 
peared to  be  a  suitable  basis  upon  which 
to  develop  the  desired  method. 

Quantitative  oxidation  analysis  is 
based  on  the  reduced  state  of  organic 
matter.  Consider  a  "typical"  molecule 
as  metabolically  constructed  from  C02, 
rLO,  and  NH;}  by  removal  of  some  of 
the  oxygen  atoms  and  condensation  of 
the  remainder  into  a  unit  having  a 
framework  of  carbon  with  all  of  the 
atoms  covalently  bonded.  The  ratio  of 
these  atoms  with  respect  to  their  val- 
ences must  establish  electronic  neutral- 
ity within  the  molecule.  The  formation 
process  is  one  of  reduction  and  requires 
energy  in  proportion  to  the  degree  of 
reduction.  This  process  is  reversed  in 
chemical  oxidation  to  yield  the  original 
inorganic  constituents.  The  amount  of 
oxygen  required  is  proportional  to  the 
energy  content  and  is  also  an  indirect 
estimate  of  the  quantity  of  organic 
matter  oxidized. 

Quantitative  oxidations  are  most  con- 


veniently accomplished  with  combined 
oxygen,  that  is,  in  relatively  stable  re- 
agents which  can  be  reduced  by  organic 
matter  under  certain  reaction  condi- 
tions. A  known  excess  of  oxidant  is  pro- 
vided, and  the  remainder  is  determined 
after  the  reaction  has  been  completed. 
The  amount  of  reacting  oxygen  is  the 
equivalent  difference  between  the  two 
values.  These  reactions,  whether  quan- 
titative or  not,  are  commonly  referred 
to  as  "wet  oxidations." 

Appraisal  of  existing  methods  indi- 
cated that  the  oxidative  reaction  could 
also  serve  as  an  initial  step  in  proce- 
dures for  analyzing  component  ele- 
ments. The  problem  was  therefore  ex- 
panded to  include  the  development  of 
simple  accessory  analyses  for  carbon 
and  nitrogen  as  well  as  the  necessary 
interpretation  of  all  empirical  results 
in  terms  of  natural  organic  matter. 
This  analytical  scheme  is  propounded 
here  as  an  approach  to  the  general  char- 
acterization of  organic  matter  in  all 
types  of  limnological  samples. 


Part  II.     OXIDANTS  AND  OXIDATIVE   PROCEDURES 


An  extensive  survey  was  made  of  lit- 
erature concerning  the  analysis  of  or- 
ganic matter  by  oxidative  methods  in 
order  to  determine  the  most  suitable  re- 
agents and  procedures  for  quantitative 
limnological  oxidations.  Primary  em- 
phasis was  placed  on  hydrochemical 
techniques  and  on  reports  concerning 
quantitative  oxidation  with  dichromate, 
and  the  survey  was  intensive  in  this 
respect. 

There  are  many  reagents  which  can 
serve  as  organic  oxidants,  but  these 
cannot  be  compared  solely  on  a  theoreti- 
cal basis  since  their  characteristics  will 
vary  under  different  reaction  condi- 
tions; comparisons  must  be  made  with 
respect  to  the  procedures  in  which  they 
are  used.  In  terms  of  the  objectives  of 
this  study,  the  desirable  characteristics 


of  a  procedure  for  quantitative  oxida- 
tion are — 

1.  Efficiency  and  accuracy;  organic 
matter  should  be  completely  oxidized  as 
rapidly  as  possible  with  the  least  inter- 
ference from  inorganic  constituents. 

2.  Sensitivity  and  precision;  differ- 
ences between  samples  should  be  dis- 
tinguishable at  a  microanalytical  level 
with  a  minimum  of  replication. 

3.  Simplicity  and  versatility ;  the  pro- 
cedure should  require  a  minimum  of 
essential  equipment  and  operations  as 
well  as  numbers  and  amounts  of  re- 
agents, and  should  apply  equally  well  to 
dissolved  or  particulate  matter  over  a 
wide  range  of  sample  sizes,  regardless 
of  the  amount  of  inorganic  matter 
present. 


PERMANGANATE  AND  OTHER 
OXIDANTS 

Potassium  permanganate  has  been 
employed  as  a  quantitative  oxidant  in 
hydrochemistry  for  more  than  a  cen- 
tury. A  comprehensive  review  of  its 
history,  methodology,  and  effectiveness 
in  organic  oxidation  was  presented  by 
Meissner  (1958).  Meissner  attributed 
the  introduction  of  permanganate  meth- 
ods of  water  analyses  to  Forschammer 
in  1849,  when  Forschammer  was  at- 
tempting to  overcome  the  limitations  of 
ignition  loss  gravimetry.  According  to 
Mason  (1890),  Forschammer's  original 
technique  merely  required  the  addition 
of  standard  permanganate  solution  to  a 
water  sample  until  its  color  persisted. 
Subsequent  improvements  consisted  in 
adding  acid  or  hydroxide  to  the  sample, 
and  heating  the  mixture  to  increase  the 
reaction  rate  (Kubel  technique) .  Meiss- 
ner (1958)  stated  that  none  of  the  many 
method  variations  proposed  significantly 
improves  upon  the  70-year-old  Kubel 
technique.  More  recent  literature  deal- 
ing with  limnological  methods  and  ap- 
plications of  permanganate  oxidation 
includes  Aberg  and  Rodhe  (1942),  Berg 
and  Petersen  (1956),  Braun  (1952), 
Dobrzhanskaya  (1956),  Elster  (1959), 
Gillbricht  (1957),  Juday  and  Birge 
(1932),  Matsue  (1950),  Maucha 
(1932),  Ohle  (1940),  and  Werescagin 
et  al.  (1932).  Generally,  oceanographic 
investigators  have  found  that  perman- 
ganate methods  are  inapplicable  to  sea- 
water  analyses  (Lopez-Benito,  1955; 
Duursma,  1960). 

Permanganate  has  several  disadvan- 
tages as  an  analytical  reagent  (Kolthoff 
and  Sandell,  1952),  the  worst  being  its 
tendency  toward  autodecomposition.  Be- 
cause of  this  instability,  it  cannot  be 
employed  in  the  rigorous  reaction  con- 
ditions necessary  for  complete  oxidation 
of  organic  matter.  Despite  the  many 
methods  proposed,  permanganate  usu- 
ally oxidizes  less  than  half  of  the  total 


organic  matter  present.  Juday  and  Birge 
(1932)  concluded  that  the  permanga- 
nate method  they  used  was  about  40 
percent  effective  in  oxidizing  organic 
carbon.  Permanganate  and  dichromate 
oxidations  were  used  by  Votintsev 
(1953,  1955)  in  analyzing  Lake  Baikal 
samples,  from  surface  foam  to  a  depth 
of  1,200  meters.  His  data  show  that  the 
oxidation  values  obtained  with  perman- 
ganate were  only  10  to  54  percent  of 
those  yielded  by  dichromate. 

The  oxidative  effectiveness  of  per- 
manganate in  both  acid  and  alkaline 
reaction  was  compared  with  that  of 
acid  dichromate  using  the  procedure  de- 
scribed in  part  IV.  Samples  of  filtered 
hatchery  water,  analyzed  by  the  three 
methods,  gave  the  results  in  table  1. 
Since  the  dichromate  oxidation  was  ap- 
proximately 90  percent  complete,  per- 
manganate oxidized  only  about  30  per- 
cent of  the  organic  matter  present. 

Low  and  erratic  results  of  perman- 
ganate oxidations  with  natural  organic 
matter  can  be  better  understood  from 
the  data  of  Meissner  (1958),  which  con- 
cern the  permanganate  oxidizability  of 
more  than  200  organic  compounds.  Not 
only  are  the  recoveries  generally  low, 
but  there  is  no  consistency  of  results 
within  the  various  groups  of  compounds 
(amino  acids,  carbohydrates,  fatty 
acids). 


Table  1. — Results  from  permanganate  and  di- 
chromate oxidations  of  dissolved  organic 
matter  in  trout-hatcher!/  water  at  Cortland, 
N.Y. 


Oxygen  consumed,  milligrams  per  liter  ' 

Sample  analyzed 

Acid 
permanganate 

Alkaline 
permanganate 

Acid 
dichromate 

Influent  (supply 
stream) 

Effluent  (from 
raceways) 

0  63 
1.61 

0.10 
1.06 

1.86 

1 .  63 

1  All  values  are  unadjusted  means  of  duplicate  determi- 
nations. The  acid  permanganate  method  was  that  used  by 
Juday  and  Birge  (1932),  the  alkaline  permanganate 
method  is  from  Maucha  (1932),  and  the  dichromate  oxi- 
dation is  described  in  this  report  under  "Micro  method." 


Certain  other  oxidants  and  methods 
of  oxidation  are  worthy  of  note  in  that 
they  pertain  either  to  water  analysis  or 
to  the  treatment  given  organic  matter 
in  this  study.  Medalia  (1951)  has  sug- 
gested an  interesting  and  sensitive  par- 
tial oxidation  for  detecting  traces  of 
organic  matter  in  water.  It  utilizes  fer- 
rous iron  and  hydrogen  peroxide  as  re- 
agents, and  these  react  with  certain  or- 
ganic linkages  in  a  chain  reaction  which 
oxidizes  both  the  iron  and  the  organic 
linkage.  More  recently,  Slater  (1954) 
described  a  technique  for  quantitatively 
oxidizing  organic  matter  in  natural 
waters  with  ammonium  nitratocerate 
and  perchloric  acid.  Ceric  sulfate,  perio- 
date,  and  other  oxidants  have  been  used 
effectively  in  quantitative  organic  oxi- 
dations (Buydens  and  Ledent,  1957; 
Skopintsev,  1949c,  1950;  Urbanowic- 
zowna,  1947). 

Dry  combustion  methods  may  also 
serve  as  quantitative  oxidations,  but  the 
procedures  are  generally  more  difficult. 
Krogh  (1930)  employed  a  cupric-oxide 
combustion  on  dried  organic  residues, 
with  gasometry  to  measure  the  end 
products  and  the  oxygen  needed  to  re- 
oxidize  the  copper.  The  proximate  com- 
position and  energy  content  of  the  sam- 
ple were  calculated  from  these  values. 
Krogh  has  applied  this  method  limnolo- 
gically  (Krogh  and  Berg,  1931;  Krogh 
and  Lange,  1932).  Ultimate  analysis  by 
a  standard  dry  combustion-absorption 
train  enabled  Spoehr  and  Milner  (1949) 
to  calculate  indirectly  the  oxygen  re- 
quired for  combustion  of  algal  samples. 
This  oxygen  was  expressed  as  the  "R- 
value"  and  was  used  to  determine  the 
proximate  composition  of  the  samples. 

DICHROMATE 

Chromic  acid  and  its  salts  have  been 
used  effectively  in  oxidizing  organic 
matter  by  procedures  developed  in  a 
number  of  investigational  fields.  Potas- 
sium dichromate,  in  particular,  appears 


to  be  the  most  suitable  oxidant  for  the 
present  problem  and  offers  the  follow- 
ing advantages: 

It  is  a  primary  standard. 

It  is  very  effective  in  oxidizing  most 
organic  compounds  under  suitable  reac- 
tion conditions. 

It  is  extremely  stable  in  neutral  solu- 
tion, and  also  in  acid  solution  if  pro- 
tected from  contamination. 

It  does  not  decompose  spontaneously 
to  any  appreciable  extent  during  a  re- 
action, even  at  high  temperatures  and 
acid  concentration. 

It  can  be  measured  colorimetrically 
or  titrated  by  several  common  reduc- 
tants  to  a  very  sharp  endpoint. 

It  can  be  used  in  procedures  which 
require  no  unusual  precautions. 

It  contains  (or  requires  for  reaction) 
no  elements  which  are  known  to  inter- 
fere with  the  accessory  analyses  con- 
sidered later. 

One  of  the  earliest  applications  of  di- 
chromate in  organic  oxidations  was  re- 
ported by  Rogers  and  Rogers  (1846, 
1848)  who  found  it  superior  to  "perox- 
ide of  manganese"  in  preparative  reac- 
tions for  formic  and  acetic  acids.  Sub- 
sequently, many  dichromate  techniques 
were  developed  for  biochemical  analy- 
ses, such  as  the  quantitative  oxidations 
described  by  Christensen  et  al.  (1937), 
Ivlev  (1934),  Johnson  (1949),  and 
Kuhn  and  L'Orsa  (1931). 

Various  hydrochemical  analyses  em- 
ploying dichromate  have  appeared  in 
recent  years.  Direct  carbon  determina- 
tions by  nonquantitative  oxidation  was 
described  by  Forsblad  (1955),  Kay 
(1954),  Krogh  and  Keys  (1934),  Kry- 
lova  (1953),  Mohlman  and  Edwards 
(1931),  and  Skopintsev  (1949a).  Quan- 
titative oxidations  have  been  de- 
veloped for  the  sanitation-pollution  field 
(A.P.H.A.,  1955;  Moore  et  al.,  1949; 
Moore  and  Walker,  1956) .  In  limnology, 
quantitative  dichromate  analyses  have 
been  developed  primarily  in  Russia.  Vin- 


berg  et  al.  (1934)  designed  a  simple 
technique  and  employed  it  on  a  unique 
study  of  the  benthos  of  Lake  Beloje. 
Vinberg's  technique  has  been  modified 
and  adapted  for  the  analysis  of  dis- 
solved organic  matter,  one  of  the  more 
recently  described  methods  being  that 
of  Nikolaeva  (1953).  The  studies  of 
Votintsev  (1953,  1955)  on  Lake  Baikal 
provide  an  example  of  the  application  of 
dichromate  oxidation  to  the  measure- 
ment of  dissolved  organic  matter.  An- 
other simple  dichromate  technique  for 
estimating  organic  carbon  in  water  sam- 
ples was  given  by  gestak  (1958).  Pro- 
cedures for  marine  analyses  were  de- 
scribed by  El  Wakeel  and  Riley  (1957) 
and  Strickland  and  Parsons  (1960). 

Analytical  problems  similar  to  those 
of  limnology  are  encountered  in  the  field 
of  soil  chemistry  where  the  history  of 
oxidative  analysis  for  total  organic  mat- 
ter and  organic  carbon  has  been  traced 
by  Clark  and  Ogg  (1942).  Dichromate 
was  first  employed  as  a  combustion  re- 
agent in  the  direct  determination  of  or- 
ganic carbon  (Ames  and  Gaither,  1914) . 
Modifications  of  this  procedure  are  still 
being  proposed  (Shaw,  1959;  Allison, 
1960).  The  use  of  a  quantitative  oxida- 
tion to  determine  soil  organic  content 
is  generally  attributed  to  Schollenber- 
ger.  His  "rapid  approximate"  method 
(Schollenberger,  1927)  has  been  vari- 
ously modified  (Allison,  1935 ;  Graham, 
1948;  Schollenberger,  1945;  Tiurin, 
1931 ;  Walkley  and  Black,  1934) .  Per- 
haps the  simplest  and  most  widely  used 
technique  of  this  type  is  the  one  de- 
scribed by  Peech  et  al.  (1947). 

A  GENERAL  PROCEDURE  FOR 
DICHROMATE  OXIDATION 

Methods  described  in  the  literature 
were  evaluated  to  select  the  best  proce- 
dure upon  which  to  develop  the  desired 


analytical  techniques.  Oxidation  of  a 
sample  is  commonly  accomplished  with 
a  large  excess  of  dichromate  and  a  high 
concentration  of  sulfuric  acid.  Heat  is 
employed  to  hasten  the  reaction,  and  the 
excess  dichromate  is  determined  titri- 
metrically  after  diluting  the  reactants. 
Procedures  differ  in  several  minor  re- 
spects that  make  them  more  or  less  ac- 
ceptable. Some  objectionable  features 
noted  were  inherently  poor  precision  or 
accuracy,  the  need  for  special  apparatus, 
and  the  lack  of  sensitivity  or  adaptabil- 
ity to  samples  of  various  types  and  sizes. 
"Rapid"  methods  used  in  soil  analysis 
seemed  most  desirable  because  of  their 
simplicity,  versatility,  and  potential  use- 
fulness in  limnology. 

The  following  is  a  general  outline  of 
the  oxidation  procedure  which  is  of  con- 
cern in  the  remaining  text.  It  is  based  on 
the  Walkley  method  (Peech  et  al.,  1947) , 
initially  modified  by  extending  the  reac- 
tion time  in  a  boiling  water  bath  to 
enable  more  effective  oxidation  of  re- 
sistant compounds. 

1.  A  sample  (moist,  dry,  or  dispersed 
in  a  small  quantity  of  water)  is  placed 
in  a  suitable  heatproof  flask. 

2.  A  known  amount  of  potassium  di- 
chromate is  added  to  the  sample  in 
excess  of  that  required  for  complete 
oxidation. 

3.  Concentrated  sulfuric  acid  is  added 
in  an  amount  equal  to  twice  the  volume 
of  water  present,  and  the  flask  is 
swirled. 

4.  The  flask  is  lightly  covered  and 
placed  in  a  boiling  water  bath  until  the 
reaction  is  considered  complete. 

5.  The  reaction  mixture  is  diluted  and 
cooled,  and  its  excess  oxidant  is  titrated 
(ferrous  solution).  Oxygen  consumed  is 
derived  from  the  difference  between 
sample  and  reagent  blank  titers. 


Part  III.     REACTION   CHARACTERISTICS  OF  DICHROMATE 
AND  ORGANIC  MATTER 


All  organic  compounds  are  suscept- 
ible to  oxidation  by  dichromate  under 
certain  conditions.  These  conditions  im- 
pose restrictions  on  the  design  of  a  suit- 
able quantitative  procedure.  Because  the 
reaction  is  neither  simple  nor  instan- 
taneous, consideration  must  be  given  to 
the  properties  of  the  reactants  and  to 
the  factors  which  affect  their  reactive 
efficiency.  The  analysis  must  be  ex- 
pressed quantitatively  according  to  the 
relation  between  organic  matter  and 
oxygen,  reacting  as  dichromate.  Two 
expressions  (Oxygen  Equivalent  and 
Oxygen  Consumed)  are  proposed  to 
satisfy  both  theoretical  and  empirical 
oxygen-organic  matter  relations. 

PROPERTIES  Of  DICHROMATE 

Dichromate  ions  (Cr207-2)  form 
orange-colored  solutions  which  reduce 
to  greener  bluish- violet  chromic  (Cr+3) 
derivatives.  They  are  strong  oxidizing 
agents  in  the  presence  of  free  acids.  The 
^rsion  requirement  in  this  reaction  is 
given  by  the  ionic  equation 

Cr207-2  +  14H+  +6e  -»  2Cr+3  +  7H20, 
which  is  generalized  because  ions  of  in- 
termediate valence  occur  in  the  reduc- 
tion of  chromate  to  chromic  chromium. 
Reagent-grade  potassium  dichromate 
(molecular  weight  =  294.21)  is  a  pri- 
mary standard;  its  equivalent  weight, 
indicated  in  the  reaction  above,  is 
294.21/6  or  49.04.  The  standard  oxida- 
tion, potential,  E0  (at  25°  C.  with  refer- 
ence to  N  hydrogen  electrode,  pH  =  0) , 
of  this  reaction  is  about  —  1.35  volts.  The 
actual  oxidation  potential  of  any  di- 
chromate system  varies  with  tempera- 
ture, pH,  and  dichromate-chromate  ion 
concentrations  according  to  the  relations 

E  =  E   +     0-0001983  T 


log 


(H+)"    (Cr2Q7-2) 
(Cr*3)2 


where  E  =  observed  potential,  E0 
=  standard  potential,  and  T  =  absolute 
temperature. 

Dichromate  is  essentially  an  acid  salt. 
It  reacts  with  hydroxyl  ions  to  form 
yellow  chromates  (Cr04~2)  and  water. 
Chromic  ions  (from  reduced  dichro- 
mate) also  react  with  hydroxyl  ions  to 
produce  green  chromites  (Cr(OH)4"1). 
These  alkaline  reactions  do  not  involve 
electron  changes  and  therefore  are  not 
oxidations.  They  will  be  referred  to  later 
in  connection  with  neutralizing  the  re- 
action mixture. 

The  stoichiometric  relations  involved 
in  the  titration  of  dichromate  with  fer- 
rous sulfate  are  expressed  by  the  equa- 
tion 6FeS04  +  K2Cr207  +  7H2S04  -> 
K2S04  +  3Fe2(S04)3  +  Cr2(S04)3 
-j-7H20.  The  relation  between  oxygen 
and  a  reductant  in  an  oxidative  reaction 
is  indicated  also.  Six  equivalents  of  oxy- 
gen, as  dichromate,  are  required  for  the 
complete  oxidation  of  6  moles  (or  6 
equivalents)  of  ferrous  sulfate.  Since  the 
equivalent  weight  of  oxygen  is  8,  and 
that  of  ferrous  sulfate  is  151.92, 
8/151.92  or  0.0527  represents  the  weight 
of  oxygen  required  per  unit  weight  of 
ferrous  sulfate.  This  ratio  (eq.  wt.  oxy- 
gen/eq.  wt.  reductant) ,  with  equivalents 
expressed  in  the  same  units,  is  referred 
to  hereafter  as  the  Oxygen  Equivalent 
(O.E.)  of  a  reductant.  Oxidizable  com- 
pounds or  mixtures  of  such  compounds 
are  distinguishable  by  their  characteris- 
tic O.E.'s.  Oxygen  Equivalents  can  be 
determined  experimentally  as  well  as 
mathematically.  The  weight  of  oxygen 
used  in  a  reaction,  divided  by  the  weight 
of  the  substrate  reduced  (pure  com- 
pound or  mixture),  is  the  fundamental 
relation  of  analysis  by  quantitative  oxi- 
dation. 


ORGANIC  COMPOUNDS  AS 
REDUCTANTS 

Organic  matter  has  been  described 
earlier  as  carbon  in  a  state  of  reduction, 
the  degree  of  this  reduction  dependent 
upon  the  character  and  quantity  of 
other  elements  present.  Oxidation  re- 
turns these  substituents  to  their  original 
states.  Consider  a  compound  composed 
of  the  four  primary  organic  elements: 
carbon,  hydrogen,  oxygen,  and  nitrogen. 
The  products  of  complete  reaction  of 
this  compound  with  dichromate  in  the 
procedure  used  here  are  C02,  H20,  and 
NH3.  Representing  this  compound  with 
the  amino  acid  glycine,  the  simple  oxi- 
dative reaction  would  be 

(1)  C2H502N  +  ll/202  -*  2C02 
+  H20  +  NH3. 

The  ammonia  forms  a  salt  in  acid  solu- 
tion. Reaction  kinetics  of  organic  matter 
are  not  well  understood,  but  the  follow- 
ing balanced  equation  illustrates  its 
general  reaction  with  dichromate: 

(2)  2K2Cr207  +  2C2H502N 

+  9H2S04  -»  4C02  +  10H2O 
+   (NH4)2S04  +  2Cr2(S04)3 
+  2K2S04. 

Equation  2  serves  only  to  demonstrate 
the  stoichiometric  relations.  It  is  other- 
wise unnecessary  to  write  a  balanced 
equation  for  the  dichromate  reaction, 
and  this  operation  becomes  more  diffi- 
cult as  molecular  size  increases.  The 
relation  of  the  reductant  to  oxygen  is 
more  easily  seen  in  equation  1.  One  mole 
of  glycine  requires  1.5  moles  of  oxygen, 
and  its  Oxygen  Equivalent  in  gram  ratio 
is  48/75.1  or  0.639  grams  of  oxygen  per 
gram  of  glycine. 

The  Oxygen  Equivalent  of  any  organic 
compound  is  most  easily  calculated  by  a 
simple  valence-change  method.  Since 
oxidation-reduction  is  an  electron-trans- 
fer process,  the  net  change  in  valence 
which  a  reductant  undergoes  in  a  reac- 
tion indicates  the  amount  of  oxygen 
required  (1  electron  =  1  equivalent  of 


oxygen) .  It  is  necessary  to  know,  or  to 
correctly  assume,  the  valences  of  the 
elements  before  and  after  they  have 
reacted.  In  the  case  of  most  inorganic 
reducing  agents,  the  valences  of  the  ions 
are  obvious  because  of  molecular  po- 
larity. Organic  molecules,  however,  are 
bonded  mainly  by  shared  electrons  (co- 
valent  bonds),  and  the  assignment  of 
valence  to  the  elements  becomes  proble- 
matical. A  practical  method  assigns  the 
shared  electrons  to  elements  other  than 
carbon  according  to  the  valence  proper- 
ties they  display  in  normal  inorganic 
states.  Thus,  oxygen  is  ordinarily  nega- 
tive and  hydrogen  is  positive,  and  they 
are  given  the  valences  —2  and  +1>  re~ 
spectively.  Organic  nitrogen,  if  present, 
is  considered  negative  (amino,  amide, 
etc.)  and  to  it  is  ascribed  a  —3  valence. 
The  effective  valence  of  carbon  in  the 
molecule  must  therefore  be  a  value 
which  establishes  electrical  neutrality, 
or  the  sum  of  the  valences  of  the  other 
elements  but  opposite  in  sign.  For  gly- 
cine, the  valence  distribution  is 

H5  =  +  5,  02  =  -  4,  N  =  -3,  which 
total  —2,  and  thus  C2  =  +2. 

This  manner  of  assigning  valence 
simplifies  the  interpretation  of  relations 
among  the  reaction  products,  for  it  is 
evident  from  equation  1  that  the  net 
valence  change  in  the  reaction  is  attrib- 
utable to  carbon  alone.  The  total  valence 
of  carbon  in  the  two  moles  of  C02  pro- 
duced is  +8  (2  C02  contain  4  oxygens 
with  a  total  valence  of  —8).  The  net 
valence  change  in  the  reaction  is  +2  -> 
-f-8,  or  6  electrons  per  mole  of  glycine. 
The  O.E.  of  glycine  is  6  X  8/75.1,  or 
0.639  grams  of  oxygen  per  gram  of 
glycine. 

Calculation  of  the  Oxygen  Equivalent 
for  a  compound  of  known  formula  can 
be  summarized  in  four  steps : 

1.  Determine  the  effective  valence  of 
carbon  in  the  compound  by  multiplying 
the  number  of  atoms  of  each  other  ele- 


ment  by  its  assigned  valence  (H  =  +1, 
0  =  —  2,  N  =  —  3)  and  summing  these 
values  with  regard  to  sign.  The  carbon 
valence  is  the  difference  between  the 
sum  and  zero. 

2.  Determine  the  valence  of  carbon  as 
C02  by  multiplying  the  number  of  C 
atoms  by  4  (it  will  have  a  positive  sign) . 

3.  The  difference  between  the  valences 
of  carbon  in  Steps  1  and  2  is  the  net 
valence  or  electron  change  of  the  reac- 
tion. It  is  equal  to  the  equivalents  of 
oxygen  required  (multiply  by  8  to  ob- 
tain the  weight  of  oxygen). 

4.  The  weight  of  oxygen  divided  by 
the  molecular  weight  of  the  organic  com- 
pound is  its  Oxygen  Equivalent. 

This  method  of  calculating  an  O.E. 
applies  to  natural  organic  compounds 
wherein  nitrogen  carries  a  negative  val- 
ence. Compounds  containing  nitrogen  in 
a  positive  valence  state  require  a  re- 
vised valence  assignment.  Some  com- 
pounds may  contain  elements  other  than 
those  mentioned.  Chloride  is  oxidized  to 
free  chlorine  with  a  valence  change  of  1 
electron.  Other  halides  react  similarly. 
Reduced  sulfur  is  oxidized  to  S03  (or 
S04"2).  The  maximum  valence  change 
for  sulfur  is  +8,  represented  by  the  oxi- 
dation of  sulfhydryl  S  (as  in  cysteine) 
to  sulfate.  It  is  necessary  to  add  such 
valence  changes  to  the  net  valence 
change  of  carbon  when  calculating  the 
O.E.  of  a  compound  which  contains  these 
oxidizable  elements.  Some  carbohydrate 
materials,  such  as  agars  and  mucins, 
contain  oxidized  sulfur  (as  sulfamic 
groups  or  -OS03-  linkages)  which  re- 
quires no  oxygen  in  reaction. 

An  Oxygen  Equivalent  may  be  calcu- 
lated for  a  mixture  of  2  or  more  com- 
pounds whose  proportionate  quantities 
are  known  by  taking  a  weighted  mean  of 
their  individual  O.E.'s.  It  is  also  possible 
to  determine  the  O.E.  of  organic  matter 
from  its  ultimate  composition  by  the 
method  described  above.  The  elemental 
percentages  first  must  be  converted  into 


atomic  ratios  as  they  would  appear  in  a 
hypothetical  molecule.  Assume  that  a 
sample  of  organic  matter  has  the  same 
ultimate  composition  as  glycine:  32.0 
percent  C,  6.7  percent  H,  42.7  percent  0, 
18.7  percent  N.  These  percentages  are 
divided  by  their  respective  atomic 
weights  to  give  a  hypothetical  molecule 
whose  weight  is  100 :  C2.66He.66O2.66N1.33. 
The  valence  change  is  found  as  outlined 
above : 

H6.66  =  +6.66 
0266=  -5.32 
Ni.33  =  -3.99 


^2.66    —    — (-Z.bo    — 
=  +  10.64 


2.66C    (as   C02) 


The  net  valence  change  is  10.64—2.65 
=  7.99,  and  the  weight  of  oxygen  re- 
quired is  7.99  X  8,  or  63.92.  The  O.E.  of 
the  sample  material  is,  then,  63.92/100 
=  0.639.  This  is  a  convenient  way  to 
determine  the  O.E.  of  a  sample  of  un- 
known molecular  composition,  but  whose 
elemental  analysis  is  available.  It  pre- 
sumes that  none  of  the  elements  is  pres- 
ent in  inorganic  combination. 

There  are  two  important  assumptions 
concerning  end  products  in  the  foregoing 
treatment  which  require  a  final  qualifi- 
cation. The  first  is  that  all  reduced  nitro- 
gen goes  unoxidized  and  appears 
eventually  as  ammonium  salts.  There 
are  no  definite  indications  of  nitrogen 
oxidation  in  the  procedures  employed 
here,  which  agrees  with  the  observations 
of  Williams  (1937).  However,  Ark 
(1928)  stated  that  imino  nitrogen  is 
oxidized  by  a  sulfuric  acid-dichromate 
mixture.  The  extent  to  which  this  might 
occur  is  not  known.  Nonoxidation  of 
organic  nitrogen  does  not  hold  true  if 
prosphoric  acid  is  included  in  the  reac- 
tion mixture  as  suggested  by  Walkley 
(1947)  and  used  by  Allison  (1960), 
Lawton  (1955),  and  Mohlman  and  Ed- 
wards (1931).  Christensenetal.  (1937) 
found  that  the  inclusion  of  phosphoric 
acid  caused  a  nearly  complete  conversion 
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of  NH3  to  nitrate.  The  possible  oxidation 
of  some  forms  of  organic  nitrogen  by 
the  present  dichromate  procedure  re- 
mains to  be  demonstrated.  Should  this 
occur,  however,  the  overall  effect  on  oxi- 
dative considerations  of  natural  organic 
matter  would  be  slight. 

The  second  assumption  to  be  qualified 
concerns  incomplete  oxidation  which 
probably  occurs  to  a  limited  extent  in 
all  reactions.  Schollenberger  (1945)  in- 
dicated that  some  carbon  monoxide  may 
escape  oxidation,  and  this  phenomenon 
has  been  observed  also  by  Christensen 
et  al.  (1937).  However,  it  has  not  been 
noted  in  this  study  or  by  many  other 
workers  employing  dichromate,  even  in 
"weak"  partial  oxidations.  Since  CO  is 
quite  readily  oxidized,  a  thorough  and 
prolonged  mixing  of  the  reactants  as 
they  are  combined  should  preclude  its 
evolution.  Formic  acid  is  a  product  of 
weak  oxidation  but  apparently  does  not 
escape  decomposition  under  strong  oxi- 
dation potentials  (Ark,  1928;  Kuhn  and 
L'Orsa,  1931).  Other  low  molecular 
weight  acids  may  be  volatilized  from  a 
reaction  mixture  before  they  are  de- 
composed. The  only  one  to  do  this  to  an 
appreciable  extent  is  acetic  acid,  which 
is  quite  resistant  to  oxidation  and  ap- 
parently is  formed  from  ethoxyl  or 
potential  ethoxyl  groups  during  the  re- 
action (Kuhn  and  L'Orsa,  1931).  The 
complete  oxidation  of  acetic  acid  and 
other  volatile  unoxidized  products  is  en- 
couraged by  catalysts  and  strong  oxida- 
tion potentials.  The  effects  of  these 
factors  will  be  considered  later. 

OXIDATION   OF  NATURALLY  OCCURRING 
ORGANIC  MATTER 

The  purpose  of  quantitative  oxidation 
is  to  characterize  organic  matter  from 
natural  samples  by  its  relation,  in  reac- 
tion, to  oxygen.  This  fundamental  re- 
lation is  termed  here,  the  Oxygen 
Equivalent.  It  is  possible,  in  situations 
where  the  quantity  of  organic  matter  in 


a  sample  is  known,  to  estimate  an  O.E. 
experimentally.  More  commonly,  a  sam- 
ple is  oxidized,  and  the  resulting  value  is 
taken  to  represent,  directly  or  by  con- 
version, the  amount  of  organic  matter 
it  contains.  This  oxidation  parameter 
requires  a  term  to  distinguish  it  from 
the  O.E.,  which  is  a  distinct  chemical 
property.  It  has  been  referred  to  in  the 
literature  in  various  ways:  Chemical 
Oxygen  Demand  (C.O.D.),  Oxygen  Con- 
sumed, Oxygen  Consuming  Capacity, 
Oxidizability,  Oxygen  Demand,  Oxygen 
Required,  and  Reducing  Power.  There 
is  further  confusion,  especially  in  abbre- 
viation, with  expressions  that  refer  to 
different  parameters :  Biochemical  Oxy- 
gen Demand  (B.O.D.),  Dissolved  Oxy- 
gen (D.O.),  Oxygen  Deficit,  and  the 
compound  adjective,  Oxidation-Reduc- 
tion (O-R).  To  eliminate  duplicate 
terminology  and  the  possibility  of  con- 
fusion, the  term  Oxygen  Consumed 
(O.C.)  is  proposed  exclusively  for  the 
parameter  in  question. 

These  two  oxidation  terms  can  be 
defined,  with  special  reference  to  natural 
organic  matter,  as  follows: 

The  Oxygen  Equivalent  (O.E.)  is  the 
weight  of  oxygen  required  for  complete 
oxidation  of  a  unit  weight  of  organic 
matter. 

The  Oxygen  Consumed  (O.C.)  is  the 
weight  of  oxygen  required  in  the  oxida- 
tion of  any  sample  containing  organic 
matter. 

The  O.E.  is  always  a  ratio,  while  the 
O.C.  is  simply  a  quantity  of  oxygen,  as 
stated  above.  It  is  frequently  desirable 
to  express  Oxygen  Consumed  as  a  ratio, 
that  is,  as  the  weight  of  oxygen  required 
per  unit  weight,  volume,  or  surface  area 
of  sample.  The  difference  between  O.C. 
and  O.E.  as  weight  ratios  is  in  the  dis- 
tinction between  true  "organic  matter" 
and  "sample"  (partly  organic).  These 
two  values  (as  weight  ratios)  will  be 
equal  when  the  sample  is  purely  organic. 


Spoehr  and  Milner  (1949)  have  used 
the  expression  "R-value,"  or  "degree  of 
reduction,"  in  the  oxidative  characteri- 
zation of  algal  matter.  Briefly,  it  is 
definable  as  the  quantity  of  oxygen  re- 
quired for  the  combustion  of  a  unit 
weight  of  organic  substrate,  calculated 
on  a  0-100  scale.  The  larger  figure  repre- 
sents a  maximum  value  for  the  most 
reduced  compound  (methane).  The  R- 
value  concept  includes  the  oxidation  of 
organic  N  to  N2,  but  in  other  respects 
it  is  similar  to  the  Oxygen  Equivalent 
(for  nonnitrogenous  compounds,  R- 
value  X  0.04  =  O.E.).  The  R-value  does 
not  refer  to  oxygen  by  weight  directly 
(because  it  is  a  double  ratio)  and  there- 
fore lacks  the  utility  of  the  O.E.  The 
0-100  scale,  moreover,  has  little  advan- 
tage in  classifying  organic  matter  over 
the  comparable  0-4  O.E.  scale. 

In  connection  with  the  analysis  of 
total  organic  matter  in  natural  samples, 
it  should  be  noted  that  the  total  organic 
substance,  and  not  the  carbon  alone,  is 
oxidized.  Although  the  theoretical  Oxy- 
gen Equivalent  has  been  defined  here 
in  terms  of  carbon  valence  change,  the 
initial  carbon  valence  is  ascribed  to  the 
other  elements  present,  and  thus  they 
are  directly  involved.  Juday  and  Birge 
(1932),  in  estimating  the  efficiency  of 
their  oxidative  analyses  in  terms  of  car- 
bon, stated  that  2  atoms  of  oxygen  (or 
32  g.)  are  required  per  atom  of  carbon 
(12  g.).  Although  this  is  true  for  ele- 
mental carbon,  it  applies  to  organic  car- 
bon only  in  specific  compounds  (e.g.,  true 
carbohydrates)  where  it  has  an  effective 
valence  of  zero.  The  oxidation  of  formic 
acid  (CH202)  and  methane  (CH4)  illus- 
trates two  divergent  cases.  One  mole  of 
each  compound  contains  1  gram  atom 
(12  g.)  of  carbon;  formic  acid  reacts 
with  1  gram  atom  (16  g.)  of  oxygen,  and 
methane  requires  4  gram  atoms  (64  g.) 
of  oxygen.  It  is  quite  improbable  that 
these  researchers  had  samples  with  or- 
ganic carbon  existing  at  an  exclusive,  or 


even  an  average,  valence  state  of  zero 
(see  the  appendix).  The  point  to  con- 
sider is :  while  it  is  possible  to  interpret 
oxidation  results  in  terms  of  carbon  by 
assuming  an  average  quantitative  rela- 
tion between  C  and  O,  it  should  not  be 
assumed  that  a  fundamental,  invariable 
correlative  exists  between  the  quantity 
of  oxygen  required  in  a  reaction  and  the 
amount  of  organic  carbon  present  in  a 
natural  sample. 

FACTORS  AFFECTING  THE  EFFICIENCY 
OF  BICHROMATE  OXIDATION 

Wet  organic  oxidation  rates  are  finite ; 
the  rate  and  completeness  of  these  reac- 
tions concern  several  factors  whose 
effects  are  usually  interdependent.  It  is 
necessary  to  study  a  procedure  closely 
in  order  to  adjust  all  possible  conditions 
for  maximum  efficiency.  The  effects  of 
these  factors  were  either  investigated 
by  using  the  general  procedure  outlined 
previously  or  evaluated  from  literature 
reports.  Since  they  do  not  operate  in- 
dependently, it  was  necessary  to  rein- 
vestigate some  factors  in  the  light  of 
later  findings. 

The   oxidation    potential:    reagent   concen- 
tration and  temperature 

A  dichromate  oxidation  potential,  in 
itself,  does  not  express  the  rate  of  re- 
action; but  for  organic  compounds  in 
general,  the  higher  the  potential  the 
more  rapid  will  be  the  reaction.  Reactant 
concentration  and  temperature  are  re- 
lated in  the  simplified  Nerst  equation 


E  =  E, 


0.0001983  T 


log 


(mu  (Cr2Q7-2) 

(Cr+3)2 

and  can  be  considered  together  for  con- 
venience (see  p.  6  for  explanation  of 
symbols) . 

Various  reaction  temperatures  have 
been  used  in  dichromate  oxidations,  the 
rate  of  reaction  increasing  with  temper- 
ature. However,  spontaneous  decomposi- 
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tion  of  dichromate  also  increases  with 
temperature,  causing  a  definite  loss  in 
precision  above  about  150°  C.  Direct 
boiling  methods  require  close  adherence 
to  a  lower  acid  ratio  (about  1:1)  for 
this  reason.  Higher  acid  ratios  may 
cause  the  mixture  to  explode  if  it  is 
boiled  directly.  The  temperature  reached 
by  a  2:1  mixture  from  heat  of  acid  di- 
lution (Allison,  1935;  Walkley,  1935)  is 
in  the  range  of  115°-125°  C,  and  is  in- 
sufficient to  oxidize  all  organic  matter 
completely  unless  it  is  maintained  by 
external  heating.  A  boiling  water  bath 
continues  the  reaction  with  a  negligible 
decomposition  of  dichromate. 

Ames  and  Gaither  (1914)  are  con- 
sidered to  be  among  the  first  investiga- 
tors to  get  complete  oxidation  of  soil 
organic  matter  with  dichromate  as  a 
result  of  strong  acid  concentration  (80- 
85  percent).  Friedemann  and  Kendall 
(1929)  studied  the  effect  of  water-acid 
relations  on  the  oxidation  of  biological 
materials  and  clearly  showed  the  su- 
periority of  reaction  mixtures  with  low 
water  contents.  The  situation  has  been 
reviewed  more  recently  by  Walkley 
(1947),  who  indicated  a  2:1  volume 
ratio  of  concentrated  H2S04:  aqueous 
dichromate.  An  optimal  acid  content  is 
contingent,  to  a  certain  extent,  on  the 
procedure  employed.  Lower  concentra- 
tions may  achieve  good  results  at  high 
temperatures  or  with  long  reaction 
times.  Higher  acid  concentrations  pre- 
cipitate dichromate  (as  chromic  anhy- 
dride), nullifying  the  benefit  of  increased 
H-ion  activity.  The  2:1  acid: water  ratio 
was  adopted  in  this  study.  Precise  meas- 
urement of  acid  is  not  necessary,  but 
since  H-ions  are  used  in  the  reaction 
(also  by  the  inorganic  substances  pres- 
ent) it  is  advisable  to  avoid  falling  be- 
low the  specified  amount  of  acid. 

The  effect  of  dichromate  concentration 
on  the  oxidation  potential  is  indicated  in 
the  Nernst  equation  (above) .  The  initial 
concentration  gives  a  specified  potential 


that  decreases  as  the  reaction  proceeds, 
according  to  the  extent  to  which  the 
dichromate  becomes  reduced.  Consider 
first,  the  direct  relation  between  the  in- 
itial dichromate  concentration  and  the 
effectiveness  of  oxidation  as  illustrated 
in  figure  1.  Three  representative  com- 
pounds were  oxidized  by  the  same  pro- 
cedure, except  that  the  normality  of  the 
solution  was  varied.  The  concentration 
of  reductant  in  each  analysis  was  ad- 
justed to  react  with  50  percent  of  the 
dichromate,  assuming  complete  oxida- 
tion. Dichromate  normality  has  been 
plotted  logarithmically  to  stress  the 
Nernst  relation.  It  is  evident  that  a  prac- 
tical lower  limit  of  dichromate  concen- 
tration must  be  selected  in  order  to 
obtain  reasonably  good  results.  On  the 
other  hand,  a  maximum  normality  of  2.0 
has  been  established  in  this  procedure 
as  the  approximate  solubility  limit  for 
dichromate  in  the  reaction  mixture.  A 
dichromate  normality  of  0.05  has  been 
chosen  as  the  minimum  for  useful  oxida- 
tion in  the  analyses  described  later. 

Consider  next  the  dichromate  concen- 
tration at  the  end  of  the  reaction.  It  has 
decreased  in  proportion  to  the  amount 
of  organic  matter  oxidized.  Ideally,  a 
constant  dichromate  concentration 
should  be  maintained  throughout  the  re- 
action to  expose  all  unoxidized  organic 
matter  to  the  same  oxidation  potential. 
On  the  other  hand,  the  procedure  must 
determine  the  change  in  dichromate  con- 
centration with  reasonable  accuracy  and 
precision  if  the  method  is  to  be  useful. 
Therefore,  a  sample  of  the  proper  size 
must  be  selected  so  that  it  reduces 
neither  too  much  nor  too  little  of  the 
oxidant.  These  arbitrary  limits  are  best 
decided  by  the  particular  objectives  of 
the  analysis.  In  general,  one  should 
strive  for  a  reduction  of  about  50 
percent  of  the  dichromate.  It  may  be 
permissible,  in  using  1.0  or  2.0  N  di- 
chromate, to  reduce  as  much  as  80  per- 
cent in  a  reaction.   No  more  than   50 
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Figure  1. — Effect  of  different  dichromate  normalities,  used  in  the  same  procedure,  on  the  degree 

of  oxidation  of  three  organic  substances. 


percent  of  it  should  be  reduced  at  low 
normalities,  and  acceptable  results  may 
be  obtained,  expecially  when  maximum 
possible  oxidation  is  desired,  with  the 
reaction  of  only  5  percent  of  the  dichro- 
mate present. 

NATURE  OF  THE  ORGANIC 
SUBSTRATE 

Not  all  organic  substances  are  oxi- 
dized with  equal  efficiency.  Relative 
oxidation  values  for  maltose,  stearic 
acid,  and  gelatin,  presented  in  figure  1, 
show  that  each  of  them  reacts  differ- 
ently. This  effect  has  been  demonstrated 
for  a  wide  variety  of  organic  substrates, 
many  of  which  are  listed  in  table  2. 
These  oxidations  were  accomplished  over 
a  period  of  many  months  by  approxi- 
mately the  same  procedure   (the  semi- 


micro  method  described  in  part  IV). 
Some  of  the  earlier  analyses,  especially 
of  amino  acids,  were  made  before  the 
procedure  had  been  fully  revised  and 
would  probably  give  slightly  higher  re- 
coveries if  reanalyzed.  However,  the 
purpose  of  this  tabulation  is  to  show 
only  the  general  differences  in  oxidiz- 
ability among  the  various  organic  com- 
pounds. 

There  appears  to  be  a  distinct  relation 
among  the  oxidative  susceptibility,  the 
reduction  state,  and  the  general  bio- 
chemical character  of  the  organic  sub- 
stances. They  have  been  arranged  ac- 
cording to  these  similarities  in  table  2, 
and  can  be  described  oxidatively  in 
terms  of  the  common  proximate  groups. 

Group  1.  —  The  "carbohydrates": 
strongly  hydrated  or  hydroxylated  com- 
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Table  2. — Comparison  of  theoretical  and  exper- 
imental Oxygen  Equivalents  of  various  or- 
ganic substrates 


Oxygen 

Equipment 

Percent 

Substrate 

recovery 

Theoretical 

Experimental  * 

Group  1: 

Maltose 

1.065 

1.06 

100 

Starch     

1.184 

1.18 

100 

Cellulose- 

1.184 
0.127 

1.18 
0.126 

100 

Oxalic  acid 

99 

Sodium  oxalate 

0.119 

0.119 

100 

Tartaric  acid.  _    ._. 

0 .  533 

0.531 

100 

Ammonium  tartrate 

0.434 

0.434 

100 

Group  2: 

1    120 

1   16 

95 

Stearic  acid 

2.925 

2.85 

98 

Palmitic  acid._    . 

2.870 

2  2 .  63 

92 

Corn  oil 

3  2.85 

2.77 

97 

Group  3: 

Uric  acid  ..     .__. 

0.285 

0.290 

102 

Cteatinine 

0.677 

0 .  628 

93 

Creatine.           .    _    _ 

0.848 

0.77 

91 

Uracil 

0.713 

0.717 

101 

Asparagine 

0.727 

0.615 

90 

Cystine 

1.131 

1.07 

95 

Glutamic  acid 

0.979 

0.972 

99 

Glycine 

0 .  639 

0.55 

86 

Leucine.  . 

1.825 

1.58 

87 

Methionine 

1.501 

1.03 

69 

Tryptophan 

1.801 

1.82 

101 

1.681 

1.66 

99 

Gluten 

1  .  56  3 

1.44 

93 

Zein 

1.62  3 

1.45 

90 

Gelatin 

1.33  3 

1.20 

90 

1  All  values  are  means  of  3  or  more  analyses  by  the  semi- 
micro  method  with  precisions  within  ±5  percent. 

2  Technical    grade,    O.E.    probably    low    because    of    im- 
purities. 

3  Calculated  from  molecular  compositions  given  by  Spec- 
tor   (1956). 


pounds  that  have  a  characteristic  O.E. 
of  1.2  or  lower  and  are  completely 
oxidized  by  dichromate. 

Group  2. — The  lipids :  compounds  es- 
sentially of.  carbon  and  hydrogen  that 
have  a  characteristic  O.E.  above  2.0  and 
are  almost  completely  oxidized  (95-100 
percent)  by  dichromate. 

Group  3. — The  crude  proteins :  various 
nitrogenous  compounds  that  have  an 
aggregate  O.E.  of  about  1.5  in  natural 
organic  mixtures  and  are  incompletely 
oxidized  (90-95  percent)  by  dichromate. 

Most  other  prominent  compounds  can 
be  classified  into  this  scheme,  and  a  more 
elaborate  treatment  is  given  in  the  ap- 
pendix. 

The  incomplete  oxidation  of  most  of 
these  compounds  can  be  considered  a 
function  of  either  their  chemical  re- 
sistance or  their  physical  state.  Since 
all  of  the  substrates  do  react,  these 
factors  must  influence  the  rate  of  reac- 


tion. In  order  to  be  oxidized  efficiently, 
the  substrate  must  be  maintained  in 
intimate  contact  with  the  oxidizing  solu- 
tion. A  physical  state  which  reduces  this 
contact,  such  as  that  in  particles  or  im- 
miscible fluids,  will  therefore  hinder  the 
reaction.  Proteinaceous  particles  and 
fatty  materials  are  common  examples. 
Microzonal  reduced  areas  form  at  their 
interfaces,  and  they  tend  to  float  or  ad- 
here to  the  surface  of  the  glass,  where 
contact  with  dichromate  is  further  re- 
duced. These  effects  can  be  offset  in  part 
by  agitating  the  reaction  mixture,  and 
it  is  advisable  to  do  this  with  all  samples 
as  they  are  combined,  and  intermittently 
during  the  digestion  period. 

The  resistance  of  protein  compounds 
to  oxidation  is  also  partly  chemical.  Cel- 
lulose particles,  for  instance,  react 
rapidly  and  completely;  conversely,  a 
gelatin  suspension  reacts  very  slowly. 
Since  many  of  the  amino  acids  also  ex- 
hibit this  resistance,  it  seems  to  be  most 
characteristic  of  group  3.  Much  of  the 
incomplete  oxidation  can  be  explained 
by  the  formation  of  acetic  acid,  which 
is  very  difficult  to  oxidize.  The  composi- 
tion and  configuration  of  many  protei- 
naceous molecules  is  such  that  they  tend 
to  produce  acetic  acid  in  the  process  of 
decomposing.  This  seems  especially  true 
of  alanine,  and  probably  also  of  leucine 
and  other  resistant  amino  acids.  The 
oxidation  of  such  substances  can  be  im- 
proved by  using  a  catalyst  as  discussed 
in  the  following  section. 

REACTION  TIME  AND  CATALYSIS 

All  the  foregoing  factors  are  manifest 
in  the  reaction  rate  between  dichromate 
and  organic  matter.  Their  combined  ef- 
fects are  demonstrated  in  figure  2  as 
time-oxidation  curves  for  the  three 
substances  representative  of  the  proxi- 
mate-oxidation groups  described  earlier. 
Identical  procedures  were  used  in  the 
analyses  ("Semimicro  method"),  and 
the  sample  sizes  were  adjusted  to  re- 
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Figure  2. — Effect  of  reaction  time  on  the  completeness  of  oxidation  of  three  organic  substrates. 


duce  about  50  percent  of  the  dichromate. 
Reaction  time  represents  the  number  of 
hours  each  mixture  was  maintained  in  a 
boiling  water  bath.  All  of  them  were 
diluted  and  titrated  at  the  end  of  5  hours. 
Thus,  at  t  =  0  the  degree  of  oxidation 
is  referrable  to  the  reaction  induced  by 
heat  of  acid  dilution,  plus  a  minor 
amount  of  reaction  which  most  probably 
occurred  while  the  samples  awaited 
analysis.  In  other  words,  if  each  sample 
had  been  diluted  and  titrated  at  the  end 
of  its  specified  reaction  time,  the  curves 
would  likely  rise  more  sharply  from  a 
lower  point  on  the  ordinate. 

Two  curves  are  given  (fig.  2)  for 
gluten  to  show  the  influence  of  particle 
size  on  the  rate  of  reaction.  The  sample 
material  was  roughly  separated  into  two 
size  groups  by  screening.  "Fine  gluten" 
was  composed  of  particles  about  0.2  mm. 


in  diameter,  and  "coarse  gluten"  frag- 
ments ranged  between  0.5  and  2.0  mm. 
The  effect  of  surface  area  contact  with 
the  oxidizing  solution  is  initially  quite 
significant,  but  disappears  at  the  end  of 
about  2  hours*  reaction  time. 

These  curves  can  be  considered  char- 
acteristic of  the  oxidative  response  of 
the  three  proximate  organic  groups. 

Group  1. — "Carbohydrates":  The 
maltose  curve  is  a  straight  line  parallel 
to  the  X-axis  at  maximum  theoretical 
O.E.  Oxidation  is  complete  with  heat  of 
dilution  only  and  is  not  significantly 
affected  by  physical  state  because  of 
strong  oxidative  susceptibility. 

Group  2. — Lipids:  The  immiscibility 
of  corn  oil  makes  it  difficult  to  oxidize. 
The  reaction  continues  slowly  with  time 
and  can  be  expected  to  reach  completion 
eventually. 
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Group  3. — Crude  proteins:  Gluten  is 
oxidized  slowly  and  the  curve  levels  off 
before  maximum  theoretical  oxidation 
is  attained.  This  effect  is  probably  due  to 
the  loss  of  some  unoxidized  constituents. 

From  these  data  and  other  results  not 
shown,  an  optimum  reaction  time  of  3 
hours  in  a  boiling  water  bath  has  been 
selected.  Although  higher  reaction  temp- 
eratures can  reduce  this  reaction  time, 
the  simplicity  of  a  water  bath  and  the 
reproducibility  of  results  offset  the  tem- 
poral inconvenience.  Incomplete  oxida- 
tion, which  is  characteristic  of  certain 
compounds,  is  reproducible  at  any  given 
dichromate  concentration.  It  can  be  com- 
pensated for  as  an  approximately  con- 
stant error  in  any  specified  analysis. 

A  catalyst,  silver  sulfate,  has  been 
used  in  the  preceding  reactions,  but  its 
effect  there  has  been  slight.  This  is  not 
true  for  all  procedures.  Lawton  (1955) 
tested  the  efficacy  of  several  metal  ions 
as  catalysts  for  dichromate  oxidation 
using  the  Moore  (reflux)  technique. 
These  findings  indicated  that  silver  was 
the  most  satisfactory  catalyst,  and  was 
essential  to  the  oxidation  of  acetic  acid 
and  its  precursors.  Many  other  re- 
searchers recommend  its  use.  Christen- 
sen  et  al.  (1937)  and  Van  Slyke  and 
Folch  (1940),  however,  found  catalysts 
ineffective  in  their  oxidations.  Friede- 
mann  and  Kendall  (1929)  have  pointed 
out  the  probable  major  cause  of  this 
discrepancy.  They  found  that  acetic  acid 
was  completely  oxidized  by -a  1:1  ratio 
of  acid: dichromate  solution  in  the  pres- 
ence of  Agf,  but  only  50  percent  oxidized 
in  its  absence.  Using  the  same  procedure 
with  70-percent  acid,  they  were  able  to 
oxidize  acetic  acid  effectively  without 
the  catalyst.  Thus,  the  catalytic  effect  of 
silver  becomes  less  evident  as  the  oxidiz- 
ing conditions  are  made  more  rigorous. 
In  the  procedure  employed  here,  silver 
sulfate  increases  the  recovery  of  diffi- 
cultly oxidizable  substances  by  a  few 
percent,  at  most.  Considering  that  it  pro- 


duces  no  inimical  effects  in  a  strictly 
oxidative  analysis,  silver  sulfate  may 
well  be  included  in  the  reaction  mixture. 
It  is  conveniently  added  as  a  solute  in 
the  acid  used. 

Interferences 

A  number  of  other  factors  which 
operate  to  increase  or  decrease  the  ob- 
served Oxygen  Equivalent  from  its  true 
value  are  classified  together  here  as  in- 
terferences. They  may  be  severe  in 
special  instances,  'but  usually  can  be 
avoided  or  compensated  in  the  final 
analysis. 

Oxidizable  inorganic  substances  can 
give  erroneously  high  results  if  not  prop- 
erly regarded.  A  sample  taken  from  an 
aerobic  situation  is  not  likely  to  contain 
dichromate-oxidizable  inorganic  com- 
pounds with  the  exception  of  halides, 
chlorides  in  particular.  Chloride  is  oxi- 
dized to  free  chlorine,  and  the  presence 
of  even  minute  amounts  in  a  reacting 
mixture  is  detectable  from  the  odor  of 
Cl2  at  the  mouth  of  the  flask.  This  reac- 
tion is  not  rapid,  and  is  complicated  by 
the  formation  of  chromium  oxychloride 
(Cr02Cl2),  which  is  volatile  and  may  be 
observed  as  a  dark-red  liquid  adhering 
to  the  upper,  inner  surfaces  of  the  re- 
action flask.  Soluble  chlorides  are  pre- 
cipitated as  AgCl  if  silver  sulfate  is 
included  in  the  reagents.  Some  reports 
imply  that  chloride  is  not  oxidized  from 
the  silver  precipitate  (Kay,  1954;  Niko- 
laeva,  1953;  Peech  et  al.,  1947),  but 
others  indicate  that  it  is  at  least  partly 
oxidized  (A.P.H.A.,  1956;  Buydens  and 
Ledent,  1957).  The  opposing  views  ap- 
parently result  from  different  proce- 
dural effects. 

The  oxidizability  of  chloride  as  Cr~ 
and  AgCl  was  tested  by  the  procedure 
employed  in  this  study.  After  1  hour's 
reaction  time,  73  percent  of  the  dissolved 
chloride  and  68  percent  of  the  precipi- 
tate had  been  oxidized.  At  the  end  of 
3  hours,  nearly  all  of  the  AgCl  was  oxi- 
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dized,  but  the  Cl~  recovery  increased  only 
slightly  (perhaps  owing  to  retention  of 
undecomposed  chromium  oxychloride) . 
A  further  observation  was  that  Ag2S04 
seemed  to  preclude  the  formation  of 
Cr02Cl2,  which  would  be  a  benefit  addi- 
tional to  its  catalytic  function. 

The  presence  of  small  amounts  of 
chloride  in  a  sample  (about  one-tenth 
the  weight  of  organic  matter)  usually 
can  be  disregarded  because  the  Oxygen 
Equivalent  of  chloride  (0.226)  is  less 
than  one-sixth  that  of  "average"  organic 
matter.  A  sample  Oxygen  Consumed 
value  can  be  corrected  for  moderate 
amounts  of  chloride  by  quantitatively 
analyzing  for  Cl~  in  a  duplicate  sample 
aliquot  and  subtracting  the  calculated 
chloride  O.C.  (chloride  O.E.  X  mg. 
present)  from  the  total  O.C.  If  the  chlo- 
ride O.C.  exceeds  the  organic  O.C.  in  a 
sample,  other  methods  of  adjustment 
will  be  necessary  in  order  to  obtain  a 
reasonably  accurate  quantitative  organic 
oxidation. 

A  sample  from  an  anaerobic  milieu 
can  be  expected  to  contain  other  oxidiz- 
able  inorganic  elements,  especially  fer- 
rous iron  and  reduced  sulfur.  These  may 
be  serious  interferences,  for  instance,  in 
samples  of  lake  muds.  Reduced  inorganic 
elements  become  oxidized  in  contact  with 
atmospheric  oxygen.  This  might  occur 
sufficiently  during  sample  treatment 
(drying,  grinding,  storage)  to  remove 
the  interference.  Possibly,  the  sample 
could  be  preoxidized  with  a  mild  reagent 
to  convert  the  reduced  inorganic  matter 
before  quantitatively  oxidizing  it  with 
dichromate.  A  confounding  factor  is  the 
presence  of  unstable  organic  compounds 
which  partly  oxidize  in  contact  with  the 
atmosphere.  The  quantitative  oxidation 
of  samples  from  highly  reduced  environ- 
ments appears  to  be  feasible,  but  the 
correct   interpretation   of  such   results 


requires  considerations  beyond  the  pres- 
ent treatment. 

The  most  common  analytical  inter- 
ference in  a  quantitative  oxidation  is  the 
presence  of  contaminants.  The  general 
precautions  of  microanalysis  are  appli- 
cable here,  especially  in  regard  to  rea- 
gent purity  and  cleanliness  of  glassware. 
Reaction  flasks  should  be  cleaned  with 
chromic  acid  and  kept  covered  to  avoid 
direct  contact  with  the  atmosphere.  For 
critical  studies,  special  redistilled  water 
(Medalia,  1951)  and  recrystallized  di- 
chromate (Kolthoff  and  Sandell,  1952) 
are  advised.  The  reagent  blank  compen- 
sates for  some,  but  not  all,  contamina- 
tion that  may  occur. 

The  loss  of  unoxidized  substances  and 
the  spontaneous  decomposition  of  di- 
chromate are  two  interferences  that 
have  been  mentioned  previously.  A  re- 
flux condenser  can  eliminate  the  loss  of 
most  volatile  matter,  but  it  also  compli- 
cates the  procedure.  The  use  of  a  suitable 
reaction  flask  minimizes  such  losses; 
Kjehldahl  flasks  are  excellent  in  this 
respect,  but  cannot  be  used  with  all  types 
of  samples.  Regardless  of  the  kind  of 
flasks  used,  they  should  be  immersed  in 
the  water  bath  only  at  the  base,  so  that 
the  upper  portions  remain  cool  and  per- 
mit condensation  to  occur.  Spontaneous 
decomposition  of  dichromate  cannot  be 
measured  independently  from  reduction 
by  contaminants  in  the  reagents  but  ap- 
pears to  be  negligible  in  this  procedure. 
The  total  loss  of  dichromate  in  the 
absence  of  an  intentional  reductant  in- 
creases logarithmically  with  reaction 
time,  as  evidenced  by  reagent  blank 
titers.  The  observed  magnitude  of  this 
loss  in  a  reaction  period  of  3  hours  is 
usually  less  than  2  percent  with  1-2  N 
dichromate  and  less  than  5  percent  with 
0.05  N  dichromate.  If  losses  much  higher 
than  these  are  encountered,  the  analyses 
should  be  viewed  with  suspicion. 
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Part  IV.     METHODS  OF  DICHROMATE  OXIDATIVE  ANALYSIS 


The  diverse  nature  of  limnological 
samples  and  their  wide  range  of  organic 
concentrations  each  impose  special  meth- 
odological considerations.  First,  the  gen- 
eral procedure  requires  a  sample  of  a 
certain  physical  state,  and  the  validity 
of  analysis  requires  that  the  organic 
matter  in  the  sample  be  as  little  changed 
as  possible  from  its  original  state.  The 
treatment  given  to  a  sample  before 
analysis,  therefore,  is  no  less  important 
than  the  analysis  itself.  Second,  the 
general  procedure  was  selected  partly 
because  of  its  usefulness  over  a  broad 
analytical  range.  To  accomplish  this  ef- 
fectively for  a  variety  of  samples,  a  few 
minor  procedural  adjustments  are  neces- 
sary. Two  specific  methods  of  oxidation 
are  described  below  which  apply  to  the 
most  common  sample  types :  particulate 
matter  that  is  available  in  weighable 
amounts,  and  small  quantities  of  dis- 
solved substances  that  are  meted  in 
terms  of  water  volumes.  Analytical  ad- 
justments necessary  for  the  extension  of 
these  methods  to  samples  of  other  types 
and  sizes  are  suggested. 

PREANALYTICAL  SAMPLE  TREATMENT 

The  technique  of  oxidative  analysis 
actually  begins  with  sampling,  but  a 
discourse  on  this  subject  is  beyond  the 
present  objectives.  One  word  of  caution 
is  offered :  the  results  obtained  by  oxida- 
tive analysis  will  be  no  better  than  the 
care  and  consideration  given  to  the  tak- 
ing of  representative  samples.  The  fol- 
lowing discussion,  then,  refers  to 
samples  which  have  already  been  se- 
cured. It  is  convenient,  although  some- 
what factitious,  to  consider  the  initial 
form  of  a  sample  as  either  a  weighable 
particulate  mass  or  material  dispersed 
in  a  large  quantity  of  water.  The  former 
refers  to  such  as  filter  or  centrifuge 
residues,  sediments,  periphyton,  benthic 
fauna,  and  even  macrophyte  or  verte- 


brate tissues;  the  latter  concerns  only 
water  samples,  with  or  without  dis- 
persed particulate  matter. 

Solid  materials  usually  are  analyzed 
on  a  weight  basis,  but  sometimes  a  vol- 
ume (e.g.,  plankton),  surface  area  (e.g., 
periphyton)  or  numerical  (e.g.,  individ- 
ual invertebrates)  basis  is  preferable, 
especially  if  the  sample  is  analyzed 
fresh.  Samples  intended  for  later  an- 
alysis are  conveniently  preserved  by 
drying,  which  is  best  done  at  low  temper- 
atures in  a  vacuum.  Lyophilization  prob- 
ably is  a  better  method.  Dried  samples 
frequently  require  grinding  in  a  mortar 
to  reduce  them  to  fine  particles;  this 
process  also  increases  homogeneity.  A 
dried,  ground  sample  should  be  stored 
in  a  closed  vial. 

An  Oxygen  Consumed  value  can  be 
determined  for  any  sample  by  quantita- 
tive oxidation,  as  previously  discussed, 
but  an  Oxygen  Equivalent  can  be  esti- 
mated analytically  only  if  the  organic 
weight  of  a  sample  is  known  with  rea- 
sonable accuracy.  Obtaining  the  O.E.  of 
a  weighable  sample  is  an  important 
consideration,  for  it  permits  a  better 
characterization  of  the  organic  matter 
present.  Natural  samples  contain  min- 
eral matter  and  water  in  addition  to 
organic  compounds,  and  the  proportion- 
ate weight  of  these  inorganic  con- 
stituents can  be  determined  for  many 
samples  by  careful  drying  and  ignition. 
Organic  matter  is  notoriously  hygro- 
scopic ;  analysis  on  an  air-dry  basis  alone 
is  not  always  satisfactory,  even  for  com- 
parative oxidations.  Birge  and  Juday 
(1922)  described  the  difficulty  of  remov- 
ing residual  moisture  from  plankton 
material  and  found  that  dried  samples 
stored  in  bottles  for  prolonged  periods 
lost  up  to  7  percent  of  their  weight  upon 
redrying.  Similar  experiences  were  en- 
countered in  this  study  (1  to  3  percent 
moisture  gain  in  vacuum-dried  samples 
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during  storage  for  several  months) ,  and 
it  was  considered  necessary  to  redry  all 
stored  samples  at  the  time  of  analysis. 
Probably  it  is  impossible  to  remove  all 
traces  of  water  from  organic  matter; 
the  moisture  content  is  merely  reduced 
to  an  insignificant  level.  Determination 
of  the  mineral  content  of  moisture-free 
material  by  ashing  is  subject  to  error 
(see  p.  878  in  Hutchinson,  1957)  and 
can  be  used  in  the  approximation  of  true 
organic  content  only  when  the  propor- 
tion of  mineral  in  the  sample  is  rela- 
tively low.  The  ash  content  of  samples 
reported  here  was  measured  by  igniting 
the  weighed  dry  samples  at  about  600° 
C.  for  a  few  hours,  rehydrating  the 
cooled  residues  with  a  few  drops  of  dis- 
tilled water,  redrying  at  100°-105°  C, 
and  weighing  them  again  after  they  had 
cooled  in  a  desiccator. 

The  treatment  of  water  samples  pre- 
sents a  different  sort  of  problem.  Ef- 
ficient oxidation  depends  on  a  low  water 
content  in  the  reacting  mixture.  Except 
in  unusual  cases  of  high  organic  con- 
tent, water  samples  must  be  concen- 
trated for  analysis.  Ordinarily,  between 
sampling  and  concentration  there  is  a 
significant  time  lapse  during  which  oxi- 
dative decomposition  might  occur.  Oligo- 
trophic  lake  waters,  for  instance,  may 
contain  more  than  twice  the  amount  of 
free  oxygen  needed  to  oxidize  all  of  the 
organic  matter  they  contain.  Skopintsev 
(1949b)  has  observed  that  the  organic 
content  of  untreated  river  water  de- 
creases logarithmically  during  storage 
at  16°-20°  C.  The  initially  rapid  rate  of 
loss,  attributed  to  labile  components,  be- 
came slower  and  nearly  constant  after 
40  to  50  days.  Not  all  such  oxidative  de- 
composition is  microbial.  Krogh  and 
Lange  (1932)  found  that  dark-stored 
lake  water,  apparently  free  of  microor- 
ganisms, consumed  a  few  milligrams  of 
oxygen  per  liter  during  the  course  of  a 
month.  Autolytic  transformations  in 
bacteria-free   algal   sediments   were 


studied  by  Aleyev  (1934),  who  demon- 
strated that  lysis  proceeds  slowly  but 
the  causative  enzymes  retain  their  ac- 
tivity for  a  long  time.  Ultraviolet  radia- 
tion also  promotes  the  reaction  between 
dissolved  oxygen  and  organic  matter 
(Drachev  and  Mityagina,  1957). 

Organic  matter  from  waters  normally 
saturated  with  oxygen  may  be  more 
stable  than  that  indicated  above.  In  this 
study,  there  was  no  detectable  change 
in  the  organic  content  of  oligotrophic 
lake  water  stored  dark,  sealed,  and  re- 
frigerated for  periods  up  to  a  few  weeks. 
Preventive  treatment  may  be  necessary 
for  labile  samples  or  for  prolonged  stor- 
age. Frozen  storage  or  removal  of  free 
oxygen  (as  by  flushing  with  N2  or  C02) 
might  prove  satisfactory.  Acid  fixation 
in  the  field,  as  is  frequently  used  in 
marine  research  (Duursma,  1960;  Kay, 
1957),  is  another  possible  method.  Or- 
ganic fixatives,  such  as  toluene  or  chlo- 
roform, should  not  be  used  since  they 
are  never  removed  completely  from  the 
sample,  even  when  it  is  evaporated  to 
dryness.  The  oxidative  decomposition 
of  organic  matter  in  water  requires  fur- 
ther study ;  the  safest  practice  to  follow 
in  the  quantitative  oxidation  of  water 
samples  is  to  analyze  them  as  soon  as 
possible  after  they  have  been  taken  (see 
Strickland  and  Parsons,  1960,  p.  113). 

A  water  sample  is  most  frequently 
concentrated  for  analysis  by  evapora- 
tion in  an  oven  at  100°-105°  C.  (e.g., 
Krogh  and  Keys,  1934).  Nikolaeva 
(1953),  however,  selected  60°-70°  C.  as 
optimum  for  evaporation  and  also  neu- 
tralized the  water  with  sodium  carbo- 
nate to  prevent  the  loss  of  volatile  acids. 
In  the  present  investigation,  50-250  ml. 
aliquots  of  water  were  evaporated  from 
widemouth  Erlenmeyer  flasks,  which 
also  served  as  oxidation  vessels.  The 
effect  of  evaporation  temperature  on 
Oxygen  Consumed  values  of  oligotrophic 
lake  water  was  tested.  Triplicate  por- 
tions of  two  samples,  one  filtered  (milli- 
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pore  HA)  and  one  unfiltered,  were 
evaporated  to  dryness  in  a  thermostati- 
cally controlled  electric  oven  at  various 
temperatures.  The  data  are  shown  in 
figure  3.  Temperature  of  oven  opera- 
tion ranged  within  ±3  degrees  of  the 
selected  value.  The  difference  in  relative 
displacement  of  the  two  curves  indicates 
the  O.C.  of  seston  contained  in  the  un- 
filtered sample.  The  shapes  of  the  curves 
suggest  a  difference  in  response  to  dry- 
ing temperature.  Unfiltered  water  resi- 
dues consumed  most  oxygen  after  dry- 
ing at  about  90°  C,  but  the  residues  of 
filtered  water  dried  at  78°  C.  showed 
the  greatest  response  to  oxidation.  These 
findings  indicate  an  optimum  drying 
temperature  range  for  this  water  of 
80° -90°  C.  The  effect  of  drying  tem- 
perature on  maximum  organic  retention 


is  not  known  for  other  waters  but  is 
expected  to  vary. 

Concentration  of  water  samples  by 
drying  at  elevated  temperatures  is  ob- 
viously unsatisfactory  for  critical  stud- 
ies because  of  the  uncertain  losses  and 
probable  chemical  changes  of  the  or- 
ganic matter.  Drying  at  intermediate 
temperatures  requires  a  long  time,  dur- 
ing which  enzymatic  oxidations  evi- 
dently occur.  Freeze-drying  probably  is 
most  efficacious  but  requires  special  ap- 
paratus and  is  difficult  to  apply  to  large 
volumes  of  water.  Freeze-concentration 
may  prove  to  be  a  very  useful  technique 
for  studies  concerning  dissolved  and  dis- 
persed organic  matter.1 

1  Simple,  slow  freezing  is  effective  in  concentrating  the 
solutes  from  water.  An  8-liter  sample  of  filtered  pond 
water  was  slowly  reduced  to  1  liter  of  liquid  in  a  deep- 
freeze unit.  The  separated  phases  gave  the  following 
evaporation  (T.D.S.)  data:  Liquid,  542  mg./L.;  ice,  6 
mg./L.  See  also  pages  98-99  in  Ellis  et  al.  (1948),  page 
170  in  Welch    (1952),  and  Shapiro    (1961). 
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60  70  80  90  IOC 

EVAPORATION     TEMPERATURE,    DEGREES    CENTIGRADE 


Figure  3. — Effect  of  evaporation  temperature  on  the  oxygen  consumed  by  raw  and  filtered  lake- 
water  samples. 
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QUANTITATIVE  OXIDATIONS 
Semimicro  method 

A  technique  was  needed  at  first  to  in- 
vestigate the  oxidizability  of  purified  or- 
ganic compounds,  and  later  to  charac- 
terize the  particulate  matter  (e.g., 
plankton)  from  the  aquatic  environ- 
ment. Its  principal  requirement  was 
that  it  be  applicable  to  the  smallest 
samples  accurately  weighable  on  a 
standard  analytical  balance.  The  follow- 
ing categorical  procedure  concerns  a 
dry  sample  requiring  about  40  mg.  of 
oxygen  for  complete  oxidation  (which 
represents  about  25-30  mg.  dry,  ash- 
free  biological  material).  However,  the 
method  is  broadly  applicable  to  samples 
that  are  dry,  moist,  or  in  solution,  and 
which  may  consume  from  about  2  to 
100  mg.  of  oxygen  (about  2-70  mg. 
natural  organic  matter) .  The  extended 
range  of  analysis  is  accomplished  by 
minor  alterations  of  reagent  volume  or 
concentration  which  are  discussed  sub- 
sequently. 

1.  Reagents: 

a.  Standard  potassium  dichromate,  2 
N:  Dry  100  g.  reagent  grade  K2Cr207 
crystals  at  150°  C.  for  2  to  3  hours,  cool 
in  a  desiccator,  weigh  out  and  dissolve 
98.07  g.  in  distilled  water,  and  make  up 
to  1  liter. 

b.  Ferrous  sulfate,  approximately  1 
N:  Dissolve  about  280  g.  FeS04-7H20 
in  distilled  water,  add  20  ml.  concen- 
trated H2S04  and  make  up  to  1  liter.  It 
is  advisable  to  filter  this  solution  and 
store  it  in  a  stoppered  brown-glass  bot- 
tle. Standardize,  when  used,  against  the 
dichromate  solution.  One-half  normal 
ferrous  ammonium  sulfate  can  be  em- 
ployed alternatively,  but  higher  nor- 
malities may  result  in  a  supersaturated 
solution  from  which  the  salt  precipi- 
tates during  storage. 

c.  Sulfuric  acid,  concentrated  (96 
percent  or  more). 


d.  Phosphoric  acid  (ortho-85  per- 
cent) . 

e.  Silver  sulfate:  Dissolve  12  g. 
Ag2S04  in  each  liter  of  H2S04. 

/.  Barium  diphenylamine  sulfonate 
(indicator)  :  Prepare  a  0.3-percent  solu- 
tion by  dissolving  0.15  g.  in  50  ml.  warm 
distilled  water. 

2.  Glassware: 

a.  Reaction  flasks:  30  ml.  Kjehldahl 
or  round-bottom  boiling  flasks  of  a 
similar  size. 

b.  Titration  flasks:  250  ml.  Erlen- 
meyer. 

c.  Volumetric  ware:  one  transfer 
pipette,  5  ml. ;  one  burette,  10  ml.  (semi- 
micro),  calibrated  at  least  to  0.05  ml.; 
two  graduated  cylinders,  10  ml.  and  200 
ml. 

3.  Procedure: 

It  is  expeditious  to  oxidize  a  series 
of  samples  or  sample  replicates  simul- 
taneously. At  least  one  reagent  blank 
should  accompany  each  series  through 
the  entire  operation  (steps  b  through 
g).  The  following  procedure  applies  to 
any  member  of  the  series. 

a.  Weigh  out  a  sample  which  will  re- 
quire 20-50  mg.  oxygen  (e.g.,  about  30 
mg.  dry  algal  material)  and  place  it  in 
the  bottom  of  a  reaction  flask.  This  may 
be  done  conveniently  with  a  long- 
shanked  weighing  scoop  (see  Van  Slyke 
and  Folch,  1940)  or  by  weighing  the 
sample  into  a  small,  clean  glass  cup 
which  can  be  admitted  and  left  in  the 
reaction  flask. 

b.  Pipette  5  ml.  standard  dichromate 
into  the  flask,  allowing  the  solution  to 
run  down  the  inner  surfaces  of  the 
neck  as  the  flask  is  rotated.  Swirl  gently 
to  disperse  the  sample  in  the  dichro- 
mate. 

c.  Measure  about  11  ml.  concentrated 
sulfuric  acid  into  a  graduated  cylinder 
(1  ml.  excess  is  allowed  here  for  the 
acid  which  adheres  to  the  sides  of  the 
cylinder).  Add  rapidly  to  the  reaction 
flask  while  swirling  it  gently.    The  re- 
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action  progresses  immediately  upon 
acidification,  and  swirling  should  be  con- 
tinued for  about  30  seconds. 

d.  Stopper  the  flask  lightly  with  a 
glass  or  polyethylene  plug  and  immerse 
the  base  in  a  boiling  water  bath  so  that 
its  neck  is  cooled  by  ambient  air.  Note 
well :  This  mixture  should  not  be  boiled 
directly  nor  exposed  to  a  higher  tem- 
perature for  prolonged  periods. 

e.  Maintain  the  flask  in  the  bath  for 
3  hours,  swirling  it  at  about  half-hour 
intervals.  There  should  be  no  organic 
particles  observable  in  the  flask  after  2 
hours.  Before  the  final  swirling,  hold 
the  flask  at  a  steep  angle  and  rotate  it 
to  rinse  the  lower  part  of  the  neck  with 
the  oxidizing  mixture.  Remove  the  flask 
from  the  bath  after  3  hours  and  cool 
slightly. 

/.  Transfer  the  contents  to  a  titration 
flask,  rinsing  it  out  with  several  succes- 
sive portions  of  distilled  water.  Dilute 
the  mixture  to  about  150  ml. 

g.  Cool  the  diluted  solution  to  room 
temperature,  add  5  to  10  ml.  phosphoric 
acid  and  2  or  3  drops  of  indicator.  Ti- 
trate with  the  ferrous  solution.  The 
endpoint  is  very  sharp  and  reversible, 
changing  from  a  red  or  reddish  blue  to 
bright  green.  The  reagent  blank  will 
require  about  10  ml.  1  N  ferrous  solu- 
tion and  the  samples  proportionately 
less,  according  to  organic  content. 

h.  Since  the  ferrous  solution  requires 
standardization,  it  is  conveniently  done 
in  duplicate  at  the  time  samples  are  ti- 
trated. Pipette  two  5-ml.  aliquots  of  2  N 
dichromate  into  clean  titration  flasks, 
add  about  150  ml.  distilled  water  and  5 
ml.  sulfuric  acid  to  each,  mix,  cool,  add 
10  ml.  phosphoric  acid  and  2  drops  in- 
dicator. Titrate  each  as  described  above. 

4.  Calculations: 

a.  Standardization  of  reductant: 

Normality  Fe+2  = 

ml.  dichromate  X  normality  dichromate 
ml.  Fe^2  solution 


b.  Oxygen  Consumed:  O.C.  =  (re- 
agent blank  titer  —  sample  titer)  X  N 
Fe+2  X  8,  with  titer  volumes  in  milli- 
liters. This  equation  gives  the  milli- 
grams of  oxygen  the  sample  required; 
divide  by  the  sample  weight  (mg.)  to 
express  O.C.  as  a  weight  ratio. 

c.  Oxygen  Equivalent:  If  the  sample 
is  purely  organic,  the  O.C.  (as  weight 
ratio)  represents  the  experimental 
O.E. ;  if  it  is  partly  organic,  an  experi- 
mental O.E.  is  calculated  on  a  moisture- 
and  ash-free  basis.   Exper.  O.E.  = 

100  X  O.C.  (as  wt.  ratio) 
100  —  (%  moisture  -f-  %  ash) 
5.  Example: 

Samples  of  three  plankton  organisms 
were  oxidized  by  the  semimicro  method, 
and  this  data  is  presented  in  table  3. 
The  two  genera  of  phytoplankton  and 
one  of  zooplankton  were  obtained  in  a 
relatively  pure  state  from  Crowley 
Lake,  Calif.,  by  screen  filtrations  of  lo- 
calized concentrations.  The  analysis 
was  done  in  replicate  in  two  series.  The 
only  departure  from  the  outlined  pro- 
cedure was  the  use  of  1  N  dichromate 
(Fe+2  normality  and  weights  analyzed 
were  proportionately  lower).  The  pre- 
cision of  the  replicates,  expressed  as 
both  coefficient  of  variation  and  per- 
centage average  deviation,  is  generally 
within  ±1  percent.  The  higher  coeffi- 
cient of  variation  for  Aphanizomenon  is 
probably  caused  by  heterogeneous  sam- 
ple material,  since  it  was  not  ground 
as  fine  as  the  other  two  substrates.  The 
interpretation  of  these  oxidation  values 
will  be  discussed  later. 

6.  Comments: 

To  extend  this  method  over  a  wider 
range  of  sample  sizes  without  signifi- 
cantly changing  the  effectiveness  of  oxi- 
dation requires  only  slight  modification. 
Samples  needing  up  to  100  mg.  oxygen 
(or  containing  up  to  80  mg.  organic 
matter)  can  be  analyzed  by  doubling 
the  reagent  volumes  and  by  using  100- 
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Table  3. — Oxidation  analyses  of  plankton  by  the  semimicro  method 


Sample 

Ferrous  solution, 
milliliters  1 

Oxygen  Consumed, 
milligrams 

Plankton 
organism 

Air-dry 
weight 
(mg.) 

Series 

Titer 

Sample 
equivalent 

Per 
sample 

Per  milligram 
of  sample 

A      1 

Reagent  blank 

....do 

Aphanizomenon 

do 

do 

Daphnia 

do.               

0 

0 
16.0 
21.1 
18.9 
13.5 
21.6 
17.3 

0 

0 
18.4 
18.1 
22 . 6 
18.9 
19.3 
20.1 

9.76 
9.76 
4.86 
3.41 
4.05 
6.26 
4.27 
4.60 
9.81 
9.81 
5.15 
5.22 
3.14 
4.12 
4.04 
3.81 

9 

3        .    -    

4.90 
6.35 
5.71 
3.50 
5.49 
5.16 

19.90 
25.79 
23.19 
14.21 
22.30 
20.96 

1.244 

1 

5 

6        

7 

1.222 
1.227 
1.052 
1.032 

8 

1.212 

B  -  1 

Reagent  blank 

do 

2 

3 

4 .  66 

4.59 
6 .  67 

5 .  69 

5 .  77 

6 .  00 

18.89 
18.61 
27.04 
23.07 
23.39 
24 .  32 

1.027 

4 

5 

6  _        

do 

Aphanizomenon.. 

do 

1.028 
1 .  196 
1.221 

7..    

1.212 

8 

do 

1.210 

Analytical  summary: 

Oxygen  Consumed: 

Mean  value 

Average  deviation 

Coefficient  of  variation. 

Inorganic  content: 

Ash 

Moisture 

Oxygen  Equivalent 


Aphanizomenon 


1.22 

percent        ±0.9 
percent        ±1.4 


percent 
percent 


4.7 
1.2 

1.41 


Daphnia 

1.01 

±0.8 
±1.0 

19.-1 
6.3 
1  ,46 


( ,'loeotrichia 

1.21 
±0.1 
±0.1 

4.0 
5.5 
1.41 


Normality  =  0.507. 


ml.  Kjehldahl  flasks.  Dilution  for  titra- 
tion must  be  increased  correspondingly. 
The  analytical  range  can  be  lowered 
similarly  by  decreasing  reagent  vol- 
umes and  flask  sizes,  or  by  using  1  N 
dichromate  (as  in  the  above  example) 
which  is  minimum  for  good  efficiency 
and  precision.  A  sample  containing 
about  2  mg.  organic  matter  can  be  an- 
alyzed satisfactorily  using  1  ml.  of  1  N 
dichromate  and  2  ml.  acid  in  a  test  tube. 
This  method  is  not  restricted  to  dry 
samples.  Moist  or  aqueous  material  of 
suitable  organic  content  can  be  analyzed 
if  attention  is  given  to  the  minimum 
dichromate  normality  and  proper  acid : 
water  ratio  (2:1).  To  oxidize  an 
aqueous  sample,  dichromate  can  be  used 
in  a  dry  state  (e.g.,  pipette  the  re- 
quired amount  of  standard  dichromate 
into  an  empty  reaction  flask  and  evapo- 
rate to  dryness  before  adding  the  sample 
solution).  The  precision  shown  in  the 
preceding  example  is  about  average  for 
natural  samples.  Pure  organic  com- 
pounds can  be  oxidized  by  this  method 
to  within  ±0.5  percent  of  the  mean 
value,  if  the  procedure  is  followed  with 


care  (cf.,  exper.  O.E.'s.  in  table  5).  The 
reagent  blank  titer  should  be  within  3 
percent  of  the  standardization  titer. 

Micro  method 

The  following  method  was  designed 
to  analyze  samples  of  natural  waters, 
especially  those  which  are  low  in  or- 
ganic content.  It  is  actually  only  a  va- 
riation of  the  preceding  method,  differ- 
ing in  strength  of  reagents  and  in 
sample  manipulation.  The  procedure 
outlined  is  optimal  for  samples  requir- 
ing slightly  less  than  1  mg.  oxygen  (or, 
samples  containing  from  0.07  to  0.7  mg. 
organic  matter).  However,  it  can  be 
used  on  natural  waters  throughout  their 
range  of  organic  concentration  without 
procedural  alteration  because  the  sam- 
ple aliquot  is  easily  adjusted  to  optimum 
reaction  level. 

1.  Reagents: 

a.  Standard  potassium  dichromate, 
0.05  N:  Prepare  by  diluting  2  N  dichro- 
mate, or  dissolve  2.452  g.  dry,  reagent 
grade  KoCroOr  in  distilled  water  and 
make  up  to  1  liter. 
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b.  Ferrous  sulfate,  approximately 
0.03  N:  Either  dilute  the  1  N  solution 
and  acidify  to  2  percent  H2S04  by  vol- 
ume, or  dissolve  8.4  g.  FeS04*7H20  in 
distilled  water,  add  20  ml.  concentrated 
H2S04,  cool,  and  dilute  to  1  liter. 

c.  Other  reagents  as  in  the  semimicro 
method:  Concentrated  sulfuric  acid 
with  silver  sulfate,  concentrated  phos- 
phoric acid,  barium  diphenylamine  sul- 
fonate indicator. 

2.  Glassware: 

a.  Combined  evaporation-reaction- 
titration  vessels:  250  ml.  widemouth 
Erlenmeyer  flasks  with  glass  or  poly- 
ethylene covers. 

b.  Volumetric  ware:  All  items  listed 
in  the  semimicro  method,  plus  two  trans- 
fer pipettes,  50  and  100  ml. 

3.  Procedure: 

It  is  advantageous  to  treat  a  series 
of  four  or  more  samples  concurrently. 
The  following  operations  describe  a 
single  member  of  the  series.  At  least 
one  reagent  blank,  for  which  step  a  is 
omitted,  must  be  included  with  the 
series. 

a.  Pipette  an  exact  volume  of  sample 
water,  which  will  require  from  0.1  to 
1  mg.  oxygen,  into  an  evaporation  flask. 
Normally,  this  will  be  between  50  and 
100  ml.,  and  is  conveniently  considered 
in  50-ml.  steps.  If  the  approximate 
oxygen  requirement  of  the  water  is  un- 
known, use  a  50-ml.  aliquot  in  a  pilot 
analysis  and  adjust  to  an  optimum  level, 
if  necessary,  in  subsequent  analyses. 
Evaporate  the  sample  to  dryness  at  no 
more  than  100°  C.  (see  page  19),  taking 
precautions  against  contamination  from 
the  atmosphere. 

b.  Proceed  exactly  as  in  steps  b 
through  e,  g,  and  h  of  the  semimicro 
method,  except  use  the  reagents  speci- 
fied here.  The  reacted  mixture  is  not 
transferred  to  a  titration  flask.  Instead 
of  semimicro  step  f,  remove  flasks  from 
the  bath  and  dilute  contents  in  situ  with 
100  ml.  distilled  water. 


4.  Calculations: 

a.  Standardization  of  ferrous  solu- 
tion :  Use  formula  in  semimicro  method. 

6.  Oxygen  Consumed:  Mg.  O.C.  is 
calculated  as  in  semimicro  method.  Since 
the  samples  here  are  analyzed  on  a  vol- 
ume basis,  the  expression  of  O.C.  as  a 
ratio  is  calculated  on  a  liter  basis.  O.C. 

O.C.  in  mg.  X  1000 

in  mg/L.  = -, = -. 

ml.  sample  used 

5.  Example: 

Table  4  contains  the  results  of  analy- 
ses of  1  filtered  and  2  unfiltered  oligotro- 
phy lake  water  samples,  4  determina- 
tions (of  200  ml.  aliquots)  having  been 
made  on  each.  Raw  mean  water  and 
Filtered  mean  water  are  from  the  same 
original  sample.  The  difference  in  their 
O.C.  values  is  the  O.C.  of  the  seston.  In 
general,  the  precision  shown  is  about 
±4  percent  as  the  average  deviation, 
and  about  ±5.5  percent  as  the  coeffi- 
cient of  variation. 

6.  Comments: 

Using  a  pure,  easily  oxidized  com- 
pound such  as  sugar  for  a  substrate,  a 
precision  of  better  than  ±2  percent  is 
attainable.  Lower  precision  for  raw 
water  is  a  common  phenomenon  appar- 
ently due  to  chance  occurrence  of  from 
none  to  a  few  macrozooplankters  in  any 
given  aliquot.  One  aliquot  without  a 
Daphnia,  for  instance,  may  yield  an 
O.C.  of  0.5  mg/L.  A  second  aliquot, 
identical  to  the  first  except  for  the  pres- 
ence of  two  2-mm.  Daphnia  (with  eggs, 
dry  weight  =  0.12  mg. ;  Richman, 
1958) ,  would  have  an  O.C.  of  0.62  mg/L. 
(based  on  data  of  table  3),  or  differ  by 
more  than  20  percent.  Several  replicate 
analyses  may  be  needed  to  reach  a  valid 
mean  O.C.  in  such  cases.  For  this 
method,  reagent  blank  titers  should  be 
within  5  percent  of  standardization 
titers.  If  they  differ  more,  the  proce- 
dure should  be  examined  for  possible 
sources  of  contamination. 
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Table  4. — Quantitative  oxidation  of  oligotrophic  lake  water1  by  the  Micro  Method 

Oxygen  Consumed,  milligrams 

Raw  mean  water  2 

Filtered  mean  water  - 

Raw  mean-depth  water 

Per  aliquot 

Per  liter 

Per  aliquot 

Per  liter 

Per  aliquot 

Per  liter 

No.  1             

0.566 
0.644 
0.610 
0.600 

2.83 
3.22 
3.05 
3.00 

0.500 
0.560 
0.550 
0.538 

2.50 
2.80 
2.75 
2.69 

0.614 
0.524 
0.568 
0.578 

3.07 

No.  2             

2.62 

No.3_.         

2.84 

No.  4 _.    

2.89 

3.03 

±3.7% 
±5.4% 

2.69 
±3.4% 
±4.9% 

2.86 

- 

+  4.4% 

±6.5% 

1  Convict  Lake,  Calif.,  9  July  1959.    Mean  depth  52  feet.    All  analyses  were  made  by  use  of  200-milliliter 
aliquots. 

2  A  mixture  of  equal  water  volumes  taken  from  5  strata  selected  to  represent  the  lake  average. 


It  is  difficult  to  increase  the  sensitivity 
of  this  particular  method  for  two  rea- 
sons: First,  lowering  the  dichromate 
normality  is  not  advised  because  of  re- 
duced oxidative  efficiency  (see  part 
III)  ;  second,  the  volume  of  the  reaction 
mixture  needed  to  cover  the  inner  sur- 
faces of  the  flask  adequately  is  about 
12  ml.  (4  ml.  Cr+6,  8  ml.  acid),  below 
which  recoveries  become  too  devious. 
However,  a  simple  micro  method,  pat- 
terned after  the  suggestion  on  page  22 
but  using  0.05  N  dichromate,  can  be  de- 
vised for  special  samples  (particles  or 
solutions  up  to  2  ml.  in  volume).  A 
single  Daphnia,  as  described  above,  can 
be  quantitatively  oxidized  by  1  ml.  of 
0.05  N  dichromate  and  2  ml.  acid  in  a 
small  reaction  tube.  The  micro  method 
can  accommodate  larger  amounts  of  or- 
ganic matter  than  is  stated,  by  employ- 
ing more  concentrated  solutions  of  di- 
chromate. If  water  contains  more  than 
40  mg.  organic  matter  per  liter,  a  con- 
venient approach  would  be  to  evaporate 
the  dichromate  in  a  reaction  flask  (see 
page  22),  add  enough  sample  water  to 
reconstitute  a  0.05  N  solution,  and 
acidify  at  the  2:1  ratio. 

Discussion 

The  methods  presented  here  are  pro- 
posed not  as  limnological  standards  but 
rather  as  introductory  approaches  to  a 
broader  investigation  of  natural  organic 


matter.  Their  function  in  limnological 
research  will  become  more  apparent  in 
the  following  treatment.  The  immediate 
concern  is  the  improvement  in  the  quan- 
titative oxidation  technique,  especially 
in  regard  to  time  and  completeness  of 
oxidation.  Moreover,  the  basic  proce- 
dure may  not  fit  the  needs  of  other  par- 
ticular problems.  To  this  end,  some 
final  methodological  explanations  may 
be  of  assistance. 

1.  Reagents  and  titration : 

Dichromate  solutions  are  extremely 
stable  until  reacted  and  require  only 
normal  care  in  handling.  Ferrous  solu- 
tions are  rather  unstable  under  some 
conditions.  They  are  acidified  (about  2 
percent  acid  by  volume)  to  increase  sta- 
bility and  storage  life.  Actinic  and  tem- 
perature factors  also  affect  stability  but 
if  ferrous  solutions  are  stored  in  stop- 
pered, brown-glass  bottles  in  a  cool 
place,  their  titer  loss  after  a  couple  of 
months  amounts  to  less  than  10  percent. 
When  used  daily  in  the  same  manner, 
the  normality  of  ferrous  solutions  was 
observed  to  decrease  at  a  constant  rate 
(about  0.5  percent  per  day).  This  sug- 
gests that  daily  standardization  may  not 
be  necessary  in  an  uninterrupted  series 
of  analyses. 

Titration  indicators  are  organic  com- 
pounds and  are  susceptible  to  decom- 
position by  strong  acid  and  dichromate 
concentrations,  and  even  weaker  oxidiz- 
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ing  solutions  at  high  temperatures. 
Thus,  it  is  necessary  to  dilute  and  cool 
the  reaction  mixture.  Dilution  also 
serves  to  reduce  the  color  intensity  of 
dichromate-chromic  ions,  giving  the 
requisite  transparency  for  titration. 
Phosphoric  acid  is  added  to  complex 
ferric  ions  formed  during  the  titration, 
thus  lowering  the  ferrous-ferric  system 
potential  to  give  a  better  endpoint  with 
the  diphenylamine  sulfonate  indicator. 
The  color  change  at  the  endpoint  is 
complex  because  the  color  observed  at 
any  point  is  the  result  of  both  indi- 
cator and  chromium  compounds.  The 
exact  shade  varies  with  dilution  and 
relative  concentrations  of  the  color- 
producing  ions.  Chromium  ions  change 
from  orange  to  bright  green  through 
continuous  transitional  intermediates. 
Superimposed  is  the  indicator  color,  a 
reddish  violet  in  the  oxidized  state  and 
colorless  when  reduced.  The  endpoint 
change  is  always  sudden  and  sharp,  even 
in  dilute  solutions  as  a  few  trial  titra- 
tions will  demonstrate.  Back  titration 
is  possible  but  not  necessary  after  a 
little  experience  is  gained.  If  the  end- 
point  is  consistently  overshot,  the  an- 
alyst is  advised  to  reserve  a  few  milliters 
of  the  untitrated  mixture  in  a  clean  con- 
tainer, rinse  this  into  the  titration  flask 
when  the  initial  endpoint  is  exceeded, 
and  proceed  cautiously  to  the  final  end- 
point. 

There  are  other  satisfactory  indica- 
tors for  this  titration  which  are  dis- 
cussed in  analytical  texts  (e.g.,  Kolthoff 
and  Sandell,  1952).  The  excess  dichro- 
mate  also  can  be  determined  colorimetri- 
cally  by  measuring  the  absorbance  of 
the  reaction  mixture  at  645  millimicrons 
and  comparing  it  to  a  standard  absorp- 
tion curve  (for  details,  see  Graham, 
1948). 
2.  Glassware  and  other  equipment: 
The  glassware  listed  above  is  consid- 
ered most  suitable  for  these  methods, 
but  other  items  may  be  substituted  or 


added  to  the  list.  The  only  essential 
piece  of  volumetric  ware  for  austere 
circumstances  is  the  burette.  It  may 
be  used  first  to  deliver  the  necessary 
volume  of  dichromate,  rinsed,  and  then 
employed  in  the  titration.  Test  tubes  or 
small  beakers,  calibrated  with  the  bu- 
rette, caji  be  used  to  measure  out  the 
acids. 

Accessions  which  can  expedite  a  large 
number  of  concurrent  analyses  are  a 
reservoir  burette  and  a  magnetic  stirrer. 
The  latter  is  especially  functional  since 
adept  endpoint  detection  depends  to  a 
large  extent  on  how  well  the  solution 
being  titrated  is  kept  mixed. 

Inner  surfaces  of  the  pipette  or  bu- 
rette used  to  dispense  the  dichromate 
solution  become  "dry"  after  a  short 
time  and  require  cleaning.  This  can  be 
done  by  flushing  the  item  with  dilute 
hydroxide,  followed  by  a  rinse  with  dis- 
tilled water. 

3.  Analytical  precision  and  accuracy : 

Both  methods  are  capable  of  higher 
precision  than  shown  in  the  examples, 
by  using  pure  compounds  as  reductants 
and  by  taking  special  care  in  the  prep- 
aration and  measurement  of  reagents. 
It  seems  pointless  to  demonstrate  this, 
however,  since  these  methods  are  in- 
tended for  the  analyses  of  natural  sam- 
ples whose  organic  heterogeneities  us- 
ually impose  separate  limits  on  the 
precision  attainable.  Samples  of  filtered 
water  frequently  replicate  with  high 
precision,  but  this  is  not  always  true. 
The  drying  process  apparently  exerts  a 
major  influence  on  reproducibility. 
Samples  used  in  examples  above  were 
selected  as  representative  of  the  limno- 
logical  material  to  which  these  methods 
are  applicable,  and  the  stated  precisions 
(semimicro  method  =  ±1  percent;  mi- 
cro method  =  ±5  percent)  are  consid- 
ered to  be  of  a  corresponding  represen- 
tative order  of  magnitude. 

The  accuracy  of  these  methods  on  nat- 
ural substrates  is  difficult  to  assess.    It 
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was  pointed  out  in  part  III  that  some 
compounds  are  completely  oxidized, 
while  others  give  various  incomplete 
recoveries  (see  table  2  and  figs.  1  and 
2).  For  any  specific  compound,  the  pro- 
portion unoxidized  can  be  considered  an 
almost  constant  error  and  therefore  can 
be  adjusted.  Since  there  are  a  great 
many  organic  compounds  in  a  natural 
sample,  certain  assumptions  are  neces- 
sary in  adjusting  its  observed  oxygen 
requirement  to  a  "true"  value.  This  has 
been  done  through  the  medium  of  proxi- 
mate groups,  which  are  discussed  in  the 
appendix.  It  is  presently  assumed  that 
the  oxidation  of  natural  organic  matter 
is  95  percent  complete  by  the  semimicro 
method,  and  85  percent  complete  by  the 
micro  method.  In  using  either  method, 
directly  or  with  modification,  it  is  ad- 
visable to  check  the  accuracy  occasion- 
ally by  means  of  "standard  reductants". 
The  absolute  accuracy  is  best  measured 
by  using  primary  standard  grade  so- 
dium oxalate.  A  convenient  relative 
standard  having  oxidative  stability  is 
gelatin,  which  can  be  weighed  in  a  dried 
form  or  pipetted  from  a  "solution"  of 
known  concentration. 

The  presence  of  inorganic  chloride  in 
a  sample  will  also  affect  the  accuracy, 
and  corrections  must  be  made  in  the 
final  results.  It  has  already  been  sug- 
gested that,  at  interfering  levels,  the 
chloride  content  be  determined  and  its 
Oxygen  Consumed  value  (0.226  X  wt. 
C1-)  subtracted  from  the  sample  O.C. 

4.  Modifications  and  other  oxidation 
procedures : 

Several  adjustments  have  been  men- 
tioned which  extend  the  two  methods  to 
a  variety  of  sample  sizes  and  types.  If 
the  characteristics  of  the  analyses  de- 
scribed here  are  to  apply  to  a  modified 
procedure,  three  considerations  are  of 
particular  importance: 

a.  An  acid: water  ratio  of  not  less 
2:1  by  volume  must  be  employed. 


b.  The  stronger  the  dichromate  con- 
centration (up  to  about  2  N) ,  the  more 
effective  will  be  the  oxidation.  Dichro- 
mate solutions  less  than  0.05  N  should 
not  be  used. 

c.  The  degree  to  which  any  sample  is 
oxidized  depends  on  the  time-tempera- 
ture relation  of  the  reaction. 

There  are  other  dichromate  oxidation 
procedures  which  may  be  useful.  Those 
employing  higher  reaction  temperatures 
can  give  a  more  rapid  analysis.  One  of 
the  simplest  is  Tiurin's  (1931),  which 
utilizes  a  lower  acid: water  ratio  (about 
1:1)  in  a  5-minute,  direct-boiling  reac- 
tion. A  rapid  procedure  of  this  type 
may  be  desired  in  certain  instances,  but 
many  of  the  characteristics  that  have 
been  described  here  will  not  apply. 

DETERMINATION   OF  ORGANIC 
ELEMENTS 

Oxidative  decomposition  of  organic 
compounds  by  acid  dichromate  in  the 
methods  just  described  differs  only  in 
minor  respects  from  the  digestions  or 
combustions  employed  in  common  ulti- 
mate analyses.  The  end  products  are 
the  same ;  Kjehldahl  digestion  producing 
NH3  from  organic  nitrogen,  and  dry 
combustion  achieving  the  transforma- 
tion of  organic  carbon  to  C02.  These 
inorganic  forms  of  the  two  most  im- 
portant organic  elements  lend  them- 
selves to  a  variety  of  existing  quantita- 
tive analyses.  The  problem  posed  was 
to  find  simple,  direct  techniques  which 
could  be  incorporated  into  the  dichro- 
mate oxidation  scheme.  Separation  of 
C02  and  NH3  from  the  reaction  mixture 
by  diffusion  and  estimation  by  titration, 
as  described  below,  appear  to  be  the 
most  suitable  ones.  These  direct  an- 
alyses can  be  complemented  with  a 
mathematical  determination  of  hydro- 
gen and  oxygen  in  order  to  characterize 
all  of  the  major  elements  in  organic 
matter.  The  necessary  calculations  will 
be  considered  in  part  V. 
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Carbon  analysis 

Carbon  dioxide  is  freely  evolved  from 
the  acid  oxidation  mixture  as  the  reac- 
tion progresses.  There  are  many  pub- 
lished methods  treating  the  absorption 
and  measurement  of  C02,  and  one  of 
the  simplest  is  that  described  by  Baker 
et  al.  (1954).  In  essence,  it  is  a  non- 
quantitative  wet  oxidation  in  which  a 
seal  able  jar  serves  as  a  combined  com- 
bustion-diffusion vessel.  Evolved  C02 
diffuses  into  an  internally  contained  hy- 
droxide solution  and  is  measured  after 
the  reaction  subsides  by  double  titra- 
tion with  HC1.  This  procedure  has  been 
modified  by  Katz  et  al.  (1954)  for 
greater  precision,  and  by  Chen  and 
Lauer  (1957)  for  use  with  water-soluble 
materials.  The  following  is  adapted,  in 
part,  from  the  above  papers.  Since  this 
determination  becomes  part  of  the  quan- 
titative oxidation  procedure,  its  analyti- 
cal range  is  limited  by  the  size  of  the 
sample  which  can  be  used  in  a  given 
oxidation.  The  oxidation  procedure  of 
the  semimicro  method  is  employed,  so 
that  the  corresponding  range  of  carbon 
detection  is  5  to  20  milligrams.  Micro- 
determination  of  carbon  is  possible  by 
an  appropriate  adjustment  of  the  ab- 
sorbent concentration. 

1.  Apparatus  and  reagents: 
All  reagents  and  glassware  listed  for 
the  semimicro  method  are  required  with 
the  exception  of  the  oxidation  flasks. 
Below  are  the  additional  items  needed 
for  carbon  absorption  and  titration. 

a.  Reaction-diffusion  vessels:  Erlen- 
meyer  flasks,  125  to  250  ml.,  having 
single-hole  rubber  stoppers  fitted  with 
short  lengths  of  rubber  tubing  and 
clamps.  Alternatively,  250  ml.  vacuum 
flasks  with  solid  stoppers  and  clamped 
outlets  may  be  used.  Coat  all  stoppers 
very  lightly  with  silicone  grease. 

b.  Sample  holders:  5-ml.  beakers  or 
similar  flat-bottom  glass  cups  which  can 
be  inserted  into  the  reaction  vessels. 


c.  C02  absorption  tubes:  Shortened 
test  tubes  or  long  vials,  about  20  mm.  in 
diameter,  which  fit  up  to  (but  not  into) 
the  neck  of  the  reaction  vessel  when 
inserted. 

d.  Titration  flasks:  125-ml.  Erlen- 
meyer  flasks  with  stoppers. 

e.  C02-free  sodium  hydroxide,  ap- 
proximately 2  N:  prepare  as  needed 
from  saturated  stock  (about  55  g. 
NaOH/100  ml.  distilled  water)  by  dilut- 
ing about  16  ml.  clear  supernatant  to 
100  ml.  with  C02-free  water. 

g.  Barium  chloride,  approximately  2 
N:  Dissolve  25  g.  BaCl2-2H20  in  100  ml. 
C02-free  water  and  store  in  a  stoppered 
flask.  If  a  precipitate  forms,  use  only 
the  clear  supernatant  solution. 

h.  Standard  hydrochloric  acid,  0.2 
N:  Dilute  19  ml.  concentrated  HC1  to  1 
liter  with  distilled  water.  Standardize 
by  titrating  against  primary  standard 
grade  Na2C03  (directions  can  be  found 
in  most  general  analytical  texts). 

i.  pH  indicators :  Phenolphthalein — 
dissolve  1  g.  in  70-  to  90-percent  etha- 
nol ;  brom  cresol  green — thoroughly  mix 
0.1  g.  brom  cresol  green  with  14.3  ml. 
0.01  N  NaOH  in  a  mortar  (or  in  a 
beaker  using  a  large  stirring  rod)  and 
dilute  to  100  ml.  with  distilled  water. 

2.  Oxidation-diffusion  procedure: 

The  semimicro  method  of  oxidation  is 
employed,  including  at  least  one  reagent 
blank.  However,  all  of  the  reactants 
cannot  be  combined  before  the  reaction 
flasks  are  sealed.  Therefore,  the  dichro- 
mate  and  acid  are  added  directly  into 
the  flasks  and  the  samples  are  placed  in 
the  sample  cups  which  are  inserted  up- 
right into  the  flasks.  The  following  steps 
refer  to  each  sample  in  a  series. 

a.  If  the  sample  contains  inorganic 
carbon  (carbonates  or  bicarbonates) , 
moisten  it  with  dilute  sulfuric  acid  (5 
percent)  and  allow  several  minutes  for 
the  C02  to  diffuse  out.  C02  removal  may 
be  hastened  by  placing  the  acidified 
sample  under  vacuum.  Samples  contain- 
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ing  large  amounts  of  inorganic  carbon 
require  special  pretreatment  (Shaw, 
1959). 

b.  With  the  reactants  in  place,  insert 
an  absorption  tube  containing  2  or  3  ml. 
of  2  N  NaOH  and  stopper  the  flask  (the 
hydroxide  can  be  measured  in  the  10-ml. 
graduated  cylinder).  Draw  a  vacuum 
on  the  flask,  and  close  the  access  clamp. 
Swirl  or  tilt  the  flask  to  overturn  the 
sample  cup,  and  continue  swirling  for 
about  30  seconds.  If  the  absorption  tube 
is  of  the  proper  length,  there  will  be 
little  danger  of  spilling  the  hydroxide. 

c.  Place  the  flask  in  a  boiling  water 
bath,  following  the  oxidation  procedure. 
The  hydroxide  may  become  desiccated 
toward  the  end  of  the  reaction  period, 
but  apparently  this  does  not  affect  C02 
absorption. 

d.  Remove  the  flask  from  the  bath, 
release  the  vacuum,  and  remove  the  ab- 
sorption tube.  The  reaction  solution  ad- 
hering to  the  lower  outer  surface  of 
the  tube  must  be  rinsed  back  into  the 
flask.  Stopper  the  tube  if  immediate 
analysis  is  inconvenient.  Analyze  the 
contents  of  the  flask  as  in  the  oxidative 
method. 

3.  Carbon  determination: 

a.  Rinse  the  contents  of  the  absorp- 
tion tube  into  a  titration  flask  and  dilute 
with  C02-free  water  to  about  20  ml. 

b.  Add  2  or  3  ml.  of  2  N  barium 
chloride  (measured  in  the  10-ml.  gradu- 
ated cylinder)  and  swirl.  A  barium  car- 
bonate precipitate  forms  in  proportion 
to  the  amount  of  C02  absorbed. 

c.  Add  1  drop  of  phenolphthalein  and 
titrate  with  HC1  until  the  color  disap- 
pears. This  acid  volume  is  not  recorded 
but  the  endpoint  must  be  observed  care- 
fully. 

d.  Note  burette  reading,  add  3  or  4 
drops  brom  cresol  green,  and  resume 
titrating  to  the  yellow  endpoint.  The 
precipitate  disappears  as  titration  pro- 
ceeds, and  near  the  endpoint,  color 
changes  occur  prematurely  because  of 


the  free  C02  in  solution.  When  this  oc- 
curs, expel  the  carbon  dioxide  by  heat- 
ing the  flask  to  boiling.  Cool  it  rapidly 
under  running  water,  and  resume  titrat- 
ing to  the  endpoint.  Note  the  volume 
of  acid  used.  The  reagent  blank  will 
require  a  large  volume  of  HC1  to  reach 
the  phenolphthalein  endpoint,  but  only 
a  few  drops  in  the  final  titration  if  re- 
agents were  properly  prepared  and  con- 
tamination minimized. 

4.  Calculation  of  sample  carbon  con- 
tent: 

Mg.  carbon  =  (sample  titer  —  re- 
agent blank  titer)  X  N  HC1  X  6. 

5.  Example: 

Two  series  of  analyses  of  carbon  in 
ammonium  tartrate  are  given  in  table 
5  with  nitrogen  determinations  which 
will  be  described  in  the  following  sec- 
tion. Five  ml.  of  1  N  dichromate  and  10 
ml.  of  acid  were  employed  in  oxidation. 
In  one  series,  the  tartrate  was  weighed 
and  added  in  a  dry  state;  in  the  other, 
dichromate  was  evaporated  in  the  re- 
action flasks,  and  the  tartrate  was  added 
as  a  solution  of  known  concentration  (5 
ml.  at  9.632  g/L.).  The  weights  of 
carbon  found  have  been  converted  to 
percentages  to  enable  comparison  of  dis- 
similar samples.  These  analyses  indi- 
cate an  accuracy  of  99  percent  with  a 
precision  within  ±2  percent  of  the  mean 
value.  Other  easily  oxidized  compounds 
(e.g.,  oxalate,  lactose,  cellulose)  have 
given  similar  results,  but  the  method 
has  not  yet  been  used  with  resistant 
purified  compounds.  Limnological  sam- 
ples that  have  been  analyzed  by  this 
method  with  only  slightly  lower  pre- 
cision are  presented  in  part  VI. 

6.  Comments: 

The  transformations  of  carbon  in  this 
procedure  are  summarized  in  the  gen- 
eral reaction  scheme: 

organic   carbon    +    02 (oxida- 
tion) -*C02; 

C02     +     2NaOH (absorption) 

-^Na2C03; 
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Table  5. — Analyses  of  carbon  and  nitrogen  in  ammonium  tartrate 


Oxygen 
Equivalent 1 

Carbon 

Nitrogen  (duplicate  series) 

Element  analyzed  and 
sample  weight  (mg.) 

Milligrams 
found 

Percent 
of  sample 

Milligrams  found 

Percent  of  sample 

A 

B 

A 

B 

Carbon: 

51.7  mg..                            

0.429 
.433 
.434 

13.50 

10.49 
11.72 

26.2 
25.7 
25.6 

40.9  mg._                     ..      .      .. 

45.7  mg.. 

.432 

.440 
.427 
.434 

25.8 

Nitrogen: 

40.9  mg _    . 

6.00 
6.51 
6.00 

6.00 
6.50 
6.26 

14.7 
15.0 
14.4 

14.7 

43.5  mg...    

14.9 

41.6  mg...        .      ..         .    .      _ 

15.0 

Mean     .    . 

.434 

.435 
.435 
.435 

14.8 

14.6 
16.0 
15.2     | 

Carbon  and  nitrogen: 
48.16  mg. 

12.34 
12.73 
12.37 

25.6 
26.4 
25.7 

7.03 
7.70 
7.35 

7.32 
7.35 
7.52 

15.2 

48.16  mg. 

15.2 

48.16  mg. 

15.6 

.435 

25.9 

15.3 

25.9 
99.0 
±1.2 
±1.3 

15.1 
98.8 
±2.3 
+  3.0 

Average  deviation percent 

Coefficient  of  variation percent 

1  Milligrams  oxygen  per  milligram  sample. 

2  Theoretical  values  are  given  in  table  10. 


Na2C03     +     BaCl2 (precipita- 
tion )->BaC03; 

BaC03  +  HC1 (titration) 

->C02. 

Carbon  dioxide  can  be  titrated  as  so- 
dium carbonate,  but  precipitation  with 
barium  offers  two  benefits :  it  permits  a 
sharp  phenolphthalein  endpoint  (at  pH 
8.0)  and  it  retains  the  carbon  in  a  di- 
valent state  (equivalent  weight  =  6), 
thereby  requiring  twice  the  acid  volume 
needed  to  titrate  carbon  as  HC03— x. 

Two  interferences  probably  occur  to 
some  extent  in  this  procedure  when  com- 
plex organic  matter  is  analyzed.  Sample 
chloride,  oxidizing  to  Cl2  is  expected  to 
diffuse  into  the  absorption  tube  and  re- 
act to  form  chloride  and  hypochlorite. 
The  presence  of  the  latter  has  been 
manifest  on  occasion  by  the  fading  of 
phenolphthalein  color  (oxidation).  A 
more  important  interference  may  be 
caused  by  the  absorption  of  acetic  acid 
(see  part  III),  most  of  which  would  be 
titrated  at  the  brom  cresol  green  end- 
point.  This  titration  would  account  for 
only  one-fourth  of  the  carbon  present 
as  acetate.   Although  the  occurrence  of 


acetate  is  known  only  from  indirect  evi- 
dence, the  circumstance,  if  true,  could 
prove  advantageous.  The  presence  of 
hypochlorite  might  be  used  to  advantage 
also.  These  two  compounds  (acetate  and 
oxidized  chloride)  represent  the  major 
constant  error  in  oxidative  efficiency. 
An  analysis  of  them  in  the  absorption 
solution,  which  seems  quite  possible, 
would  permit  an  insight  into  the  com- 
position of  the  sample  and  an  accurate 
correction  for  the  oxidation  results. 

Carbon  dioxide  diffuses  rapidly  from 
the  reaction  solution  into  the  absorption 
tube.  It  is  formed,  however,  at  a  defi- 
nite rate  which  depends  mainly  on  the 
stability  of  the  organic  matter;  there- 
fore, when  natural  organic  matter,  lipid, 
or  proteinaceous  material  is  oxidized, 
the  flasks  should  be  left  unopened  for 
about  an  hour  after  they  are  removed 
from  the  water  bath.  Another  factor 
to  consider  is  the  water  of  the  absorbing 
solution,  which  diffuses  slowly  into  the 
reaction  mixture  because  of  the  desiccat- 
ing property  of  the  acid  and  thereby 
lowers  the  acid  concentration.  Since  this 
may  reduce  oxidative  efficiency,  a  maxi- 
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mum  hydroxide  volume  of  3  ml.  has 
been  suggested.  A  precaution  which  can 
be  exercised  is  to  begin  the  oxidation 
with  a  slightly  higher  acid: water  ratio 
(e.g.,  2.2:1).  Evacuation  of  the  reac- 
tion flasks  is  not  an  essential  feature  of 
this  procedure,  but  merely  hastens  the 
diffusion  process.  Good  carbon  recover- 
ies have  been  obtained  by  using  un- 
evacuated,  125-ml.,  screwcap  Erlen- 
meyer  flasks,  allowing  them  to  remain 
sealed  for  a  few  hours  after  removal 
from  the  water  bath. 

This  diffusion  analysis  apparently  can 
be  applied  readily  to  samples  of  the  size 
employed  in  the  micro  method  of  oxida- 
tion. The  method  of  Katz  et  al.  (1954) 
concerns  samples  containing  about  1  to 
5  mg.  carbon.  Kay  (1954)  described  a 
related  technique  in  which  carbon  is  es- 
timated in  10-ml.  samples  of  sea  water 
(about  0.03  mg.  C)  with  a  precision  of 
±3  percent.  Many  modifications  of  this 
method  are  possible,  and  the  interested 
reader  is  referred  to  Conway  (1958)  for 
a  background  on  diffusion  principles  and 
applications,  and  to  Kolthoff  and  Sandell 
(1952)  for  considerations  of  reagents, 
indicators,  and  reactions. 

Nitrogen  analysis 

It  has  been  noted  that  organic  nitro- 
gen appears  as  an  ammonium  salt  in 
the  dichromate  oxidation  reaction.  A 
method  was  needed  to  estimate  this  ni- 
trogen which  would  not  prevent  normal 
oxidative  analysis.  Ammonium  nitrogen 
is  stable  in  acid  solution,  but  volatilizes 
as  ammonia  when  the  solution  is  made 
alkaline,  as  in  a  Kjehldahl  distillation. 
Micro  Kjehldahl  distillations  were,  in 
fact,  tried  on  small  portions  of  the  re- 
action mixture  with  varying  success,  but 
this  procedure  lacked  the  versatility  de- 
sired for  compatibility  with  the  pre- 
ceding analyses.  Micro  diffusion  possi- 
bilities were  investigated  and  a  suitable 
procedure  was  developed  on  the  general 
pattern  of  the  Conway  (1958)  methods. 


The  diffusion  is  accomplished  with  small 
aliquots  of  the  reacted  oxidation  mix- 
ture in  separate  vessels.  The  ammonia 
is  absorbed  in  a  boric  acid  solution  and 
titrated  with  HC1.  The  following  pro- 
cedure specifically  concerns  sample  ni- 
trogen contents  representative  of  limno- 
logical  material  normally  used  in  the 
semimicro  reaction  (0.5  mg.  N  or  more) . 
1.  Apparatus  and  reagents: 
Except  for  the  omission  of  silver  sul- 
fate in  the  acid  (see  "Comments,"  be- 
low) ,  oxidation  requires  the  same  glass- 
ware and  reagents  as  the  semimicro 
method,  with  or  without  concommitant 
carbon  analysis.  They  should  be  as 
ammonia-free  as  possible.  The  follow- 
ing items  refer  exclusively  to  the  nitro- 
gen analysis. 

a.  Diffusion  dishes:  Conway  "units" 
with  internal  absorption  wells  are 
standard,  but  any  covered  dishes  having 
optimal  dimensions  (Conway,  1958) 
may  suffice.  Stender  dishes,  5  cm.  in 
diameter  with  silicone  grease  in  the  lid 
grooves,  were  used  here.  Polyethylene 
vial  caps,  25  mm.  wide  and  15  mm.  deep, 
were  satisfactory  absorption  cups. 

b.  Volumetric  glassware:  One  50-ml. 
volumetric  flask  for  each  sample  and 
reagent  blank  in  a  series,  a  1-ml.  and  a 
3-ml.  pipette,  and  2-ml.  Koch-type  mi- 
croburette  are  recommended.  Larger 
burettes  are  usable  with  less  concen- 
trated acid. 

c.  Ammonia-free  distilled  water:  Re- 
distill from  acidified  solution,  perfuse 
through  an  appropriate  exchange  resin, 
or  shake  with  permutit  (see  A.P.H.A., 
1955). 

d.  Mixed  indicator,  0.1-percent  alco- 
holic solution:  Dissolve  33  mg.  brom 
cresol  green  and  67  mg.  methyl  red  in 
a  few  ml.  95-percent  ethanol  and  dilute 
to  100  ml.  with  ethanol. 

e.  Boric  acid  absorbent,  1-percent  so- 
lution with  mixed  indicator:  Dissolve 
10  g.  H3BO3  in  700  ml.  distilled  water 
and  200  ml.  95-percent  ethanol.   Add  10 
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ml.  indicator  solution  (above),  mix,  and 
make  up  to  1  liter.  Adjust,  if  necessary, 
to  a  weak  reddish  tint  (pH  about  5) 
with  a  few  drops  of  dilute  NaOH. 

/.  Standard  HC1,  0.01  N:  prepare  by 
diluting  the  standard  acid  described  for 
carbon  analysis  with  distilled  water. 
The  exact  normality  is  calculated  from 
the  dilution  ratio  and  determined  nor- 
mality of  the  stock  HC1. 

g.  Potassium  hydroxide,  pellets :  Fresh 
stock,  low  in  carbonate. 

2.  Oxidation  procedure: 

The  oxidation  procedure  of  the  semi- 
micro  method,  with  or  without  a  carbon 
determination,  is  followed  explicitly.  It 
is  assumed  that  the  sample  contains  no 
reduced  inorganic  nitrogen  (ammonium 
N).  If  such  nitrogen  is  present,  the 
sample  should  be  treated  with  a  small 
amount  of  dilute  hydroxide  and  the  lib- 
erated ammonia  allowed  to  diffuse  out 
before  proceeding  with  the  oxidation. 
After  the  oxidation  is  completed,  the 
reacted  mixture  is  rinsed  into  a  50-ml. 
volumetric  flask  with  enough  ammonia- 
free  water  to  make  a  total  diluted  vol- 
ume of  about  49  ml.  This  solution  is 
mixed  well,  allowed  to  cool,  and  made  up 
to  50  ml.  At  least  half  of  it  (25  ml.  or 
more)  is  used  for  the  Oxygen  Consumed 
determination.  The  remainder  can  be 
stored  tightly  stoppered  if  immediate 
nitrogen  analysis  is  inconvenient. 

3.  Nitrogen  diffusion  and  titration : 
A  precisely  measured  amount,  from  1 

to  5  ml.,  of  the  oxidized  sample  solution 
is  required  for  each  nitrogen  determi- 
nation. Any  amount  taken  below  5  ml. 
must  be  diluted  with  ammonia-free 
water  to  this  volume,  which  is  optimum 
for  the  dish  size  and  neutralization  con- 
ditions specified  here.  The  following 
operations  refer  to  an  "average"  aliquot 
of  3  ml.  Effective  neutralization  of  this 
solution  requires  manipulative  pro- 
ficiency which  is  easily  attained  with  a 
little  experience.  Neutralization  must 
be  complete  in  every  respect  and  the 


only  acid  present  in  the  diffusion  dish 
after  that  time  should  be  within  the 
absorption  cup.  As  in  previous  proce- 
dures, it  is  expedier/t  to  analyze  a  series 
of  samples  simultaneously,  reagent 
blank  included.  A  single  member  of 
such  a  series  is  described  below. 

a.  Pipette  a  3-ml.  aliquot  of  the  sam- 
ple solution  into  a  clean  diffusion  dish, 
add  2  ml.  ammonia-free  water  (it  can 
be  measured  in  a  small  graduated  cylin- 
der), and  swirl  the  dish  gently  to  mix 
the  contents. 

b.  Count  out  the  number  of  KOH 
pellets  needed  to  neutralize  this  solution, 
and  include  one  additional  pellet.  The 
necessary  amount  of  hydroxide  can  be 
estimated  from  the  supposed  acid  con- 
tent of  the  sample  aliquot.  In  this  case, 
it  will  be  about  1.2  g.  or  6  to  8  pellets. 
Assume  that  7  pellets,  including  the  ex- 
tra one,  are  required.  Add  3  of  them 
to  the  dish  while  gently  swirling  it  and 
continue  to  swirl  until  the  pellets  have 
dissolved.  At  no  time  should  the  pellets 
be  exposed  above  the  surface  or  allowed 
to  effervesce,  else  a  premature  evolu- 
tion of  ammonia  will  occur.  Add  2  more 
pellets  and  repeat  the  above  operation. 
When  these  have  dissolved,  the  solution 
should  still  be  acid  and  light  amber  in 
color  (cf.,  reaction  of  dichromate  with 
hydroxide  in  part  III).  The  pH  can  be 
tested  by  touching  the  tip  of  an  indi- 
cator paper  to  the  surface  of  the  solu- 
tion. Cover  the  dish  lightly  and  set  it 
aside. 

c.  Pipette  1  ml.  of  boric  acid  into  the 
absorption  cup.  Precise  measurement  is 
unnecessary,  but  all  members  of  the 
series  should  contain  about  the  same 
amount.  If  the  nitrogen  content  of  the 
aliquot  is  more  than  0.2  mg.,  use  1.5  ml. 
absorbent. 

d.  Remove  the  lid  from  the  diffusion 
dish,  place  the  absorption  cup  inside, 
and  with  the  lid  in  readiness  place  the 
remaining  2  KOH  pellets  in  the  partly 
neutralized  solution.    Quickly  press  the 


31 


lid  into  place,  and  tilt  the  dish  with  a 
precessing  motion  to  dissolve  the  pellets 
(the  sample  solution  should  not,  of 
course,  contact  the  absorbing  solution). 
The  sample  solution  should  now  be  alka- 
line. This  fact  will  be  evidenced  by  a 
white  precipitate  which  forms  during 
the  final  neutralization  and  by  the  color 
change  of  the  chromium  compounds  (see 
part  III).  Sample  solutions  will  usually 
turn  light  green,  and  the  reagent  blank, 
a  light  yellow.  Another  indication  of 
proper  pH  change  is  the  color  change  of 
the  absorbent,  which  becomes  green 
after  a  few  minutes  as  a  result  of  am- 
monia absorption.  Heat  evolved  in  the 
final  neutralization  may  cause  tempo- 
rary internal  pressure,  making  it  ad- 
visable to  clamp  or  weight  the  lid  until 
the  dish  has  cooled. 

e.  Set  the  dish  aside  for  a  few  hours 
(preferably  overnight)  until  ammonia 
diffusion  is  complete.  An  occasional  ro- 
tation of  the  dish  during  this  period  will 
hasten  diffusion. 

/.  Remove  the  absorption  cup,  and  ti- 
trate its  contents  in  situ  to  a  red  end- 
point  with  standard  HC1.  Various  but 
distinct  shades  of  red  are  possible.  If  a 
reagent  blank  is  titrated  first  (it  should 
not  require  more  than  a  drop  or  two  of 
acid) ,  the  samples  can  be  titrated  to  the 
same  color  with  ease. 

4.  Calculation  of  organic  nitrogen 
content : 

The  nitrogen  content  of  the  aliquot 
analyzed  is  given  by  the  equation 

mg.  N  =  (sample  titer  —  reagent 
blank  titer)   X  N  HC1  X  14, 

and  the  nitrogen  content  of  the  original 
sample  will  be 


sample  N,  mg.  = 

mg.  N  in  aliquot 


X  50 


ml.  aliquot 
5.  Example: 

Nitrogen   recoveries   from   two   am- 
monium tartrate  oxidation  series  are  re- 


ported in  table  5,  one  of  them  done  in 
conjunction  with  organic  carbon  deter- 
mination. Duplicate  aliquots  were  an- 
alyzed for  each  sample,  and  the  nitrogen 
quantities  found  were  converted  to  per- 
centages of  sample  weight  for  compara- 
tive purposes.  The  accuracy  of  the 
method  on  this  compound  is  99  percent 
of  the  theoretical  value,  with  a  precision 
of  3  percent  (coefficient  of  variation) . 
The  accuracy  and  precision  with  other 
pure  compounds  have  not  yet  been 
tested,  but  favorable  results  were  ob- 
tained with  limnological  samples,  as 
described  in  part  VI. 

6.  Comments: 

Some  advantages  of  this  method  are : 
it  is  adaptable  to  a  large  number  of 
concurrent  analyses;  it  allows  normal 
oxidative  analysis,  even  when  replicate 
aliquots  of  the  sample  solution  are 
taken ;  only  one  standard  solution,  one 
exact  pipetting,  and  one  titration  are  re- 
quired for  each  determination ;  diffusion 
units  are  simple  and  may  be  fashioned 
from  various  items  of  laboratory  glass- 
ware. The  chief  disadvantages  are  the 
time  required  for  diffusion  and  the  care 
needed  to  avoid  contamination  when 
working  with  low  levels  of  ammonia  N. 
The  diffusion  period,  however,  can  be 
devoted  to  other  activities,  since  the 
process  requires  no  attention  once  the 
units  have  been  prepared. 

A  black  precipitate  was  observed  to 
form  in  the  neutralized  solution  when 
the  oxidation  included  catalytic  silver. 
Silver  sulfate  was  omitted  thereafter, 
since  the  effect  of  this  precipitate  on 
ammonia  diffusion  is  unknown.  The  ab- 
sence of  silver  is  expected  to  lower  the 
completeness  of  oxidation  of  resistant 
compounds  by  a  few  percentage  points 
(see  part  III).  This  reduced  efficiency 
primarily  affects  carbon  recoveries  (cf., 
pages  9  and  13).  All  organic  N,  imino 
N  possibly  excepted,  should  be  converted 
to  ammonium  salts  if  the  sample  is  thor- 
oughly exposed  to  the  oxidizing  mixture. 


32 


Quite  probably,  the  silver  precipitate 
does  not  interfere  with  nitrogen  an- 
alysis— a  premise  which  will  be  tested 
in  future  work. 

Both  the  precision  and  the  accuracy 
of  the  method  reside  mainly  in  the  diffu- 
sion process.  The  rate  of  ammonia 
transfer,  from  the  sample  solution  into 
the  absorbent,  is  controlled  principally 
by  its  diffusion  rate  within  the  former 
solution.  The  surface  area  of  this  solu- 
tion with  respect  to  its  depth  becomes  a 
limiting  factor  which  is  affected  directly 
by  the  dimensions  of  the  diffusion  vessel. 
Diffusion  rates  will  also  vary  with  the 
neutralizing  agent  used,  but  are  not  de- 
pendent upon  the  final  alkalinity  at- 
tained (so  long  as  ammonium  is  con- 
verted to  ammonia).  These  factors  are 
discussed  at  length  by  Conway  (1958). 
For  any  given  diffusion  vessel,  the 
smallest  volume  of  sample  solution 
which  can  cover  the  bottom  area  will  be 
the  most  efficient.  Strong  acidity  of  this 
solution  in  the  present  procedure  im- 


poses limits  on  the  volume  employed  and 
the  type  of  neutralizing  agent  which  can 
be  used  effectively. 

Concluding  remarks 

These  methods  of  organic  carbon  and 
nitrogen  analysis  have  not  been  investi- 
gated as  thoroughly  as  the  oxidation 
technique.  They  conform  well  with  the 
objectives  of  method  simplicity  and  ver- 
satility which  are  desired,  and  appear 
to  be  useful  limnologically  in  their  pres- 
ent state  of  development.  If  the  meth- 
ods are  employed  in  this  capacity,  it  is 
recommended  that  reagent  grade  am- 
monium tartrate  be  included  in  oc- 
casional analyses  as  a  standard  sub- 
strate. Further  testing  is  expected  to 
result  in  improved  procedures  and  in  a 
better  knowledge  of  the  character  and 
reliability  of  the  results.  Data  given  by 
these  methods  can  be  combined  with  oxi- 
dation values  to  provide  additional  or- 
ganic characterizations  which  are  de- 
scribed in  the  following  text. 


PartV.     SIGNIFICANCE  AND  UTILIZATION  OF  ANALYTICAL  DATA 


Oxidation  values  obtained  with  the 
foregoing  procedures  are  applicable  to 
the  estimation  of  organic  mass,  energy, 
and  composition.  The  requisite  conver- 
sion factors,  however,  must  be  derived 
from  considerations  of  the  relation  of 
oxidation  oxygen  to  organic  matter.  In 
the  following  treatment,  emphasis  is 
placed  on  the  characteristics  of  organic 
matter  from  natural  environments  be- 
cause data  from  laboratory  cultures  are 
biased  by  unnatural  conditions.  Several 
concepts  require  supporting  information 
from  an  interpretation  of  natural  or- 
ganic matter  according  to  prominent 
compounds  and  proximate  groupings. 
This  interpretation  proves  too  volumi- 
nous for  direct  inclusion  in  the  text, 
and  has  therefore  been  deferred  to  the 
appendix. 


TRANSFORMATIONS  OF  OXYGEN 
CONSUMED  VALUES 

The  transformation  of  an  Oxygen 
Consumed  datum  into  more  cogent  or- 
ganic values  requires  numerical  conver- 
sion factors  which  express  the  desired 
relations.  Since  organic  matter  in  any 
limnological  sample  is  a  broad  assem- 
blage of  various  compounds,  these  fac- 
tors must  necessarily  be  averages  which 
carry  certain  assumptive  risks.  An  at- 
tempt has  been  made  to  minimize  errors 
of  assumption  by  an  extensive  consid- 
eration of  the  relevant  characteristics  of 
natural  organic  matter.  Three  conver- 
sions of  the  O.C.  value  described  below 
(to  total  organic  matter,  organic  car- 
bon, and  caloric  content)  are  direct, 
1-step  transformations,  and  a  fourth  em- 
ploys both  O.C.  and  elemental  composi- 
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tion  data  in  estimating  total  organic 
matter  from  calculated  proximate  com- 
ponents. 

Direct  estimation  of  total  organic  matter 

The  factor  which  converts  the  Oxygen 
Consumed  by  a  sample  to  organic  weight 
is  the  theoretical  Oxygen  Equivalent  of 
the  organic  matter  it  contains.  For  in- 
stance, the  milligrams  of  oxygen  re- 
acting with  any  amount  of  a  pure  or- 
ganic compound,  when  divided  by  its 
O.E.  (mg.  oxygen  per  mg.  compound), 
will  give  the  weight  of  the  compound 
that  was  oxidized.  To  convert  the  O.C. 
values  of  natural  samples  to  organic 
weights,  it  is  necessary  to  assume  a 
single  O.E.  that  is  universally  repre- 
sentative. Some  proposed  conversion 
factors  have  been  based  on  the  O.E.  of 
a  single  nonrepresentative  compound, 
such  as  a  hexose  sugar  (O.E.  =  1.06). 
Vinberg  (1954)  has  employed  the  rela- 
tion 1  mg.  oxygen  =  0.75  mg.  ashless 
plankton  (or  O.E.  ==  1.33)  in  the  study 
of  lake  seston. 

A  universal  factor  may  be  determined 
empirically  from  the  oxidative  analyses 
of  samples  whose  organic  content  is 
known  with  a  reasonable  degree  of  cer- 
tainty. An  example  is  given  in  table  6, 
which  lists  both  the  O.C.  values  (as 
weight  ratios)  and  the  experimental 
O.E.'s.  of  seven  limnological  substrates. 
The  former  values  are  included  to  show 
the  variability  which  occurs  among 
them  as  a  result  of  different  ash  and 
residual  moisture  contents.    The  O.E.'s. 


fall  into  a  rather  narrow  range  (1.38  to 
1.46)  with  a  median  of  1.42  mg.  O/mg. 
organic  matter.  These  few  samples, 
however,  do  not  provide  an  unequivocal 
basis  for  assuming  a  universal  conver- 
sion factor.  Prominent  sample  types 
missing  are  seston,  sediments,  and  total 
dissolved  organic  matter.  Many  limno- 
logical materials  are  not  available  in 
sufficient  quantity  or  are  proportion- 
ately too  low  in  organic  content  to  per- 
mit this  sort  of  interpretation.  It  is 
necessary,  therefore,  to  use  other  meth- 
ods to  determine  a  representative  O.E. 

Another  way  in  which  the  Oxygen 
Equivalent  can  be  determined  for  a  mix- 
ture of  unknown  organic  compounds, 
such  as  a  natural  sample,  was  described 
in  part  III.  The  O.E.  is  calculated  from 
a  hypothetical  molecule  whose  atomic 
ratio  is  derived  from  the  ultimate  com- 
position of  the  mixture.  A  few  relevant 
ultimate  analyses  found  in  limnological 
literature  have  been  recalculated  as  in- 
dicated, and  their  data  are  presented  in 
table  7.  These  O.E.'s  are  more  variable 
than  the  ones  above,  ranging  from  1.20 
to  1.71  mg.  O/mg.  sample.  The  number 
and  classes  of  samples  also  are  too  few 
to  give  a  representative  "average" 
value. 

A  final  approach  to  the  determination 
of  a  universal  conversion  factor  (O.C. 
to  organic  matter)  is  made  through  an 
evaluation  of  proximate  analyses  se- 
lected from  several  literature  sources. 
This    method    of    assigning    O.E.'s.    to 


Table  6. — Experimental  Oxygen  Equivalents  and  related  analytical  factors  for  some  natural 

organic  substrates 


Factor 

Aphanizomenon 

Batrachospermum 

Cladophora 

Daphnia 

Gloeotrichia 

Humic 
extract 

Neuston 

( )xygen  Consumed  (air-dry  basis) . 
Moisture  +  ash  percent..   . 

1.22 

8.9 

1.41 

A 

1.09 
26.8 
1.38 
B 

1.12 
28.1 
1.44 
B 

1.04 
25.1 
1.46 
A 

1.21 

9.8 

1.41 

A 

0.67 
51.1 
1.44 
C 

1.18 
13.2 
1.43 
D 

Oxygen  Equivalent  l 

•Source  2 

1  Calculated  from  Oxygen  Consumed  values  by  adjusting 
them  to  a  moisture  +  ash-free  basis  and  allowing  for  5 
percent   incomplete  oxidation. 

2  Sources  of  substrates:  A  are  plankton  organisms  from 
Crowley  Lake,   Calif.;   B  are  attached  algae  from  Beaver 


Brook,  Cortland  County,  N.  Y.;  C  is  a  precipitate  (by 
CuSOi)  from  acid  lake  water  taken  in  Adirondack  State 
Park,  N.  Y.;  D  is  a  surface  film  (microorganisms)  ob- 
tained from  a  pond  in  Cortland  County,  N.  Y. 
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Table  7. — Oxygen  Equivalents  of  some  limnological  substrates  calculated  from  their  reported 

elemental  compositions 


Elemental  atomic  ratios 

Valence 
change  l 

Oxygen 

Substrate 

Carbon 

Hydrogen 

Oxygen 

Nitrogen 

Equivalent 

Copepods  2 

Peridineans  - 

Diatoms  2 

Humic  precipitate  3 

Humolimnic  acid  4 

Crenic  acid  5 

1.43 

1.02 
4.20 
4.10 
4.53 
4.14 

8.13 

7  .  39 
10.10 

i .  it; 

5.59 
8.22 

1.07 
2.12 
1.80 
2.74 
2.44 
2.48 

0.87 
0.75 
0.74 
0.17 
0.09 
0.10 

19.90 
10.98 
21.40 
14.97 
18.56 
19.34 

1.59 
1.30 
1.71 
1.20 
1.48 
1.55 

1  Valence  change  in  oxidation  per  hypothetical  molecule, 
molecular  weight  =  100. 

2  Brandt  and  Raben    (1920).    O.E.  range  for  all  diatom 
analyses  reported  was   1.60  to  2.01. 


3Aberg  and  Rodhe   (1942). 

4  Shapiro    (1957).    Acetate  extract  of  lake  water. 


5  Ponomareva  and  Ettinger    (1953) 
Neva  River  water. 


Electrodialyzate  of 


samples  is  actually  a  3-step  process 
based  on  the  premise  that  a  group  of 
chemically  related  compounds  can  be 
represented  fairly  accurately  by  a  single 


O.E.  The  first  two  steps  (i.e.,  the  ar- 
rangement of  limnologically  impor- 
tant compounds  into  related  proximate 
groups,  and  the  characterization  of  each 


Table  8. — Oxygen  Equivalents  calculated  for  various  limnological  substrates  from  their  reported 

proximate  compositions 


Sample 
code  1 

Number 

of 
analyses 

Crude 
protein 

Perce 

nt 

Crude 
carbohydrate 

Reference  and  substrate 

Lipid 

Oxygen 
Equivalent  - 

Birge  and  Juday  (1934): 

Raw  lake  water,  carbon  per  liter: 
1-1.9  mg. 

D 
D 
D 
D 
D 

(data  from  529  lakes) 

do 

do 

do 

do 

20.4 
21.4 
10.9 
14.5 
12.3 

2.4 
1.0 
0.7 
0.5 
0.3 

71.2 
77.0 
82.4 
85.0 
87.4 

1  .  40 

5-5.9  mg. 

1  .44 

10-10.9  mg.. 

1.43 

15-15.9  mg. 

1.42 

20-25 . 8  mg. 

1.42 

Weighted  mean    _    _ . 

17.2 

37 

20.5 

28.5 

8.1 

51.2 
02.8 
49.5 

42.8 
55.8 
46.8 

57.2 
50.8 
37.8 
03 . 2 
59.3 
62.0 

63 . 0 
71.1 
54.3 

65.9 
45.0 

53 . 2 

1 1  . ;. 
:<7 . :» 
;,:;  6 

21 

0.9 

4 
2.6 

3.3 
0.6 

12.2 
7.0 
4.0 

0.0 
4.8 
5.8 

3.2 
5.9 
22.5 
10.5 
11.8 
12.0 

11.4 
8.1 
7.1 

19.3 
7.3 

!).<) 
11.7 

10.7 

9 

81.9 
59 

70.9 

68.2 
91.3 

35.7 
30.2 
45.5 

50.6 
39.4 

17.  1 

39.6 
43.3 
39 . 7 
20.3 
28.9 
20 . 0 

25 . 0 
20.8 
38.3 

14.8 
47.7 

30.9 
40.8 
02 . 5 
35.7 

70 

1.43 

Sn 

St 

D 
D 

N 
N 
N 

Sn 
Sn 
Sn 

P 
P 
U 

I 
I 

T 

I 
I 

T 
P 

N 
U 
D 

N 

P 

529  lakes 

1.39 

60 

1.40 

Dissolved  organic  matter: 

1  .48 

Helmet  Lake,  55 . 3  mg.  per  liter 

Birge  and  Juday  (1922): 
Net  plankton: 

unknown 

84 

21 

10 

87 

21 

..10 

10 

1 

"lull'.""" 

7 

lllllllll  4.11" 

..  3 

.  7 

unknown 

..12 
15... 

18... 

2. 

1.42 
1 .  55 

Monona  Lake 

1.50 
1.40 

Nannoplankton: 

1  .  13 

1    1 1 

Waubesa  Lake .    .      

1  .43 

Organism  groups: 

1  .  15 

1  .47 

1    05 

1.62 

Cladocera  (3  genera) 

1.54 

1  .  55 

Geng  (1925):     Aquatic  invertebrates: 

Insecta  (5  orders) .   .        

1  .  51 

Crustacea  (3  orders) _      _.    

1.51 

1.48 

Hsiao  (1949): 

Zooplankton 

Phytoplankton 

Krogh  and  Lange  (1932):     Lake  Fures0 
samples: 

Plankton 

1.69 
1.40 

1   52 

Colloidal  matter . 

1.60 

Dissolved  matter 

1.4  1 

Krogh  and  Berg  (1931) :      Schlosssee  plankton 
Matida  and  Sakurai  (1953):     River 
periphyton 

l   ;,:; 
1.40 

1  Samples  are  coded  by  the  type  of  organic  matter  they 
contain :  D  =  dissolved  organic  matter;  1=  aquatic  in- 
vertebrates; N  =  net  plankton  (probably  mainly  zooplank- 
ton);   P   =   phytoplankton    (and   other   plant   cellular   ma- 


terial);  Sn   =  seston;   St   =  organic  sediments;   U    =  un- 
classified. 

2  Factors  assumed  for  proximate  groups  in  calculating 
total  Oxygen  Equivalent:  O.E.p  =  1.5;  O.E.l  ~  2.7;  O.E.c 
=  1.2    (except  D  and  St  samples  where  O.E.c  =   1.4). 
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group  by  its  representative  O.E.)  have 
been  accomplished  in  the  appendix.  The 
last  step  is  indicated  in  table  8,  which 
lists  various  proximate  analyses  that 
have  been  recalculated  to  ash-free  unit 
values  where  necessary.  A  sample  O.E. 
is  found  by  summing  the  products  of 
the  proximate  component  proportions 
times  the  respective  O.E.  constants. 

This  procedure  is  less  reliable  for  a 
single  sample  than  the  ones  described 
previously  because  it  assumes  true  rep- 
resentation by  the  O.E.  constants,  and 
accuracy  of  the  proximate  analyses.  The 
resulting  error  is  expected  to  decrease 
as  individual  analyses  are  combined, 
and  therefore  greater  emphasis  should 
be  placed  on  the  O.E.'s.  calculated  from 
the  data  which  are  averages  of  many 
analyses.  The  abundance  of  data  in 
table  8  permits  considerations  of  sample 
types,  but  such  considerations  can  be 
made  only  in  general  terms  because  of 
many  minor  confounding  differences 
among  the  various  analyses.  The  fol- 
lowing is  an  interpretation  of  the  char- 
acteristic O.E.'s.  of  the  different  sample 
types  noted  in  table  8  (sample  types  are 
listed  in  the  approximate  order  of  de- 
creasing limnological  importance)  : 

Repre- 
senta- 
Table       O.E.  tive 

Sample  type  code       range  O.E. 

Dissolved  matter..--.  D  1.42-1.47  1.44 

Seston Sn  1.39-1.53  1.40 

Organic  sediment St  1.46 

Phytoplankton P  1.40-1.47  1.44 

Aquatic  invertebrates  I  1.48-1.69  1.54 

Net  plankton N  1.40-1.55  1.52 

It  is  not  possible  to  classify  the 
datum  on  colloidal  organic  matter  into 
this  scheme.  The  single  diatom  datum 
was  omitted  because  diatoms  are  known 
to  contain  large  amounts  of  lipid  under 
certain  conditions  and  in  this  respect 
are  similar  to  plankton  crustaceans  (see 
table  7).  The  direct  relation  between 
lipid  content  and  O.E.  is  strongly  indi- 
cated in  table  8. 


The  three  methods  of  determining 
sample  O.E.'s.  give  results  that  are  in 
general  agreement.  The  most  represen- 
tative values  appear  to  be  in  the  range 
1.4  —  1.5  mg.  O/mg.  sample  organic 
matter,  although  high-lipid  substrates 
have  O.E.'s.  that  are  definitely  higher. 
The  types  of  samples  most  concerned 
with  the  conversion  factor  being  deter- 
mined are  dissolved  organic  matter, 
seston,  and  sedimented  matter.  The 
O.E.  characteristic  of  these  samples, 
1.43,  is  selected  as  a  "universal"  factor 
for  converting  O.C.  values  to  organic 
weight.  This  may  be  accomplished  by 
division,  but  it  is  more  convenient  to 
multiply  an  O.C.  by  the  reciprocal, 
1/1.43,  which  may  be  rounded  to  0.7. 
The  relative  error  involved  in  using  this 
factor  for  comparable  samples  will  be 
small.  The  approximate  absolute  error 
can  be  shown  by  considering  "true" 
O.E.'s.  at  the  extremes  of  the  normal 
range.  Assume  that  two  different 
samples  have  actual  O.E.'s.  of  1.3  and 
1.7.  If  their  O.C.  values  (observed)  are 
converted  to  organic  weight  by  the  sug- 
gested factor  (1.43)  the  estimate  will 
be  9  percent  too  low  in  the  first  case  and 
19  percent  too  high  in  the  second.  Gen- 
erally, however,  calculated  organic 
weight  is  expected  to  be  within  ±10 
percent  of  the  true  value,  assuming  per- 
fect analytical  accuracy. 

Estimation  of  organic  carbon 

Although  the  analytical  methods  de- 
scribed here  include  the  direct  determi- 
nation of  organic  carbon,  it  may  be  de- 
sirable, instead,  to  estimate  the  sample 
organic  carbon  content  from  the  analyti- 
cal Oxygen  Consumed.  This  conversion 
is  actually  less  subject  to  assumptive 
error  than  the  conversion  to  organic 
matter  because  the  O.C.  varies  with 
carbon  content  more  closely  than  it  does 
with  organic  mass.2    The  factor  that 

2  Referring  to  the  values  obtained  in  the  appendix,  1 
gram  of  oxygen  will  oxidize  0.83  gram  of  crude  carbo- 
hydrate containing  0.38  gram  of  carbon,  but  will  oxidize 
only  0.37  gram  of  lipid  containing  0.28  gram  of  carbon. 
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transforms  O.C.  to  carbon  is  the  Oxygen 
Equivalent  of  carbon,  which  is  the  O.E. 
of  a  compound  divided  by  its  fractional 
carbon  content.  In  part  III,  the  carbon 
O.E.  is  indicated  as  the  effective  val- 
ence change  of  carbon  in  a  molecular 
oxidation,  times  8  (to  get  oxygen 
weight),  divided  by  the  weight  of  car- 
bon in  the  molecule.  The  O.E.  factor 
needed  for  the  conversion  of  any  ob- 
served O.C.  to  organic  carbon,  as  for  the 
conversion  to  organic  matter,  is  a  single 
value  which  is  representative  of  the 
effective  valence  state  of  organic  carbon 
in  limnological  samples. 

The  conversion  to  organic  carbon  is 
frequently  given  in  the  literature  on  the 
basis  of  a  carbon  valence  change  of  4 
electrons  (see  part  III)  i.e.,  that  elemen- 
tal carbon  or  true  carbohydrate  is  being 
oxidized.  The  transformation  described 
by  El  Wakeel  and  Riley  (1957)  serves  as 
an  example  (it  was  adapted  from  Alli- 
son, 1935)  : 

ml.  0.2N  Fe+2  X  0.6  X  1.16 
=  mg.  carbon. 

The  first  term  of  the  equation  is  the  net 
titer,  each  milliliter  being  the  equivalent 
of  1.6  mg.  of  oxygen.  The  second  term 
indicates  that  0.6  mg.  of  carbon  are 
equivalent  to  the  first  term  (or  that  32 
mg.  of  oxygen  are  equivalent  to  1  mg. 
atomic  weight  of  carbon).  The  third 
term,  1.15,  is  stated  to  be  a  factor  which 
corrects  the  calculated  carbon  to  the 
true  weight  as  determined  by  dry  com- 
bustion analysis.  It  is,  in  fact,  a  factor 
which  corrects  partly  for  incomplete 
oxidation  and  partly  for  the  inappro- 
priate value  of  the  second  term  (accord- 
ing to  the  valence  interpretation  dis- 
cussed here  in  part  III). 

An  appropriate  conversion  factor  can 
be  found  by  treating  natural  organic 
matter  in  a  manner  similar  to  that  em- 
ployed above  in  finding  an  O.E.  repre- 
sentative of  limnological  substrates. 
This  approach  is  considered  unneces- 


sarily meticulous  because  the  carbon 
can  be  determined  directly,  if  necessary. 
It  is  obtainable  more  easily  by  consid- 
ering the  average  amount  of  carbon  in 
natural  organic  matter  and  then  prop- 
erly adjusting  the  "universal"  O.E.  to 
a  carbon  O.E.  Waksman  and  Hutchings 
(1935)  discussed  the  carbon  contents  of 
various  natural  organic  materials  and 
indicated  a  carbon  range  of  50  percent 
to  58  percent  in  the  organic  matter  of 
plant  residues,  humuses,  peats,  and  com- 
posts. The  data  of  Birge  and  Juday 
(1934)  show  carbon  percentages  of  46 
to  48  in  dissolved  and  sestonic  organic 
matter.  Of  17  plankton  analyses  pre- 
sented by  Brandt  and  Raben  (1920),  15 
place  carbon  between  47  percent  and  53 
percent  of  sample  organic  weight.  Skop- 
intsev  (1948)  stated  that  the  carbon 
content  of  organic  matter  in  river 
waters  near  Moscow  is  usually  near  50 
percent.  The  consensus  seems  to  be  that 
natural  organic  matter  is  very  nearly  50 
percent  carbon.  The  representative  car- 
bon O.E.  is  therefore  1.43  X  2  (or  2.86) . 
Its  reciprocal  (1/2.86  or  0.35)  is  a  mul- 
tiplication factor  for  converting  O.C.  to 
organic  carbon. 

The  error  of  assumption  in  this  con- 
version can  be  roughly  described  by  as- 
suming a  certain  range  for  the  actual 
carbon  content  of  the  sample  organic 
matter.  If  it  is  allowed  that  most  limno- 
logical organic  matter  contains  46  to  54 
percent  carbon,  the  calculated  carbon 
content  for  any  sample  will  be  within 
±8  percent  of  the  true  value  if  the  O.C. 
and  assumed  O.E.  are  accurate.  It  is 
possible  to  describe  this  error  relative 
to  the  error  in  calculating  organic  con- 
tent by  a  consideration  of  the  theoretical 
O.C.  and  carbon  content  of  a  hypotheti- 
cal sample,  and  values  calculated  there- 
from. If  this  is  done,  it  will  be  apparent 
that  the  calculation  error  for  carbon  is 
only  half  that  of  the  organic  matter 
error.  In  most  circumstances  where  the 
oxidation  is  accurate,  the  calculated  car- 
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bon  content  of  a  sample  should  be  within 
±5  percent  of  the  true  value. 

Estimation  of  proximate  composition 

It  is  possible  to  calculate  the  proxi- 
mate composition  of  sample  organic 
matter  in  terms  of  weights  from  the 
analytical  values  for  O.C.  carbon,  and 
nitrogen.  The  method,  however,  in- 
volves several  independent  assumptions 
and  is  less  reliable  than  a  different 
method  described  in  the  following  sec- 
tion. For  this  reason,  only  a  brief  out- 
line of  the  calculation  will  be  given  here. 

The  foregoing  conversions  and  the 
considerations  in  the  appendix  point  out 
the  relations  that  exist  between  proxi- 
mate groups,  their  carbon  content,  and 
their  assumed  Oxygen  Equivalents. 
These  relations  can  be  combined  in  two 
parallel  equations  which  are  solved  by 
inserting  three  analytical  values.  The 
values  for  O.C.  and  weight  of  carbon 
are  employed  directly,  while  the  organic 
nitrogen  is  converted  first  to  crude  pro- 
tein. The  latter  derived  value  is  used, 
in  turn,  to  calculate  the  weight  of  pro- 
tein carbon,  which  is  the  third  value 
needed.  The  equations  are : 

(1)  Cc+  CP+  CL  =  CT 

(2)  2.66  Cc  +  2.89  CP  +  3.86  CL  =  O.C, 

where  Cc,  CP,  and  CL  are  the  weights  of 
carbon  in  crude  carbohydrate,  crude  pro- 
tein, and  lipid,  respectively;  CT  is  the 
total  organic  carbon  in  the  sample;  O.C. 
is  the  sample  Oxygen  Consumed. 

The  numerical  constants  2.66,  2.89, 
and  3.86  are  carbon  O.E.'s  for  the  re- 
spective proximate  groups  (K  —  group 
O.E.  X  100/percent  carbon)  and  serve 
to  convert  carbon  weights  to  oxygen 
weights.  Analytical  values  for  CT  and 
O.C,  in  the  same  weight  units,  are  in- 
serted directly.  CP  is  calculated  for  the 
sample : 

Weight  protein  carbon  = 
weight  organic  N  X  6.25  X  100 
~~52 


and  is  inserted  in  both  equations.  Equa- 
tion 1  is  then  multiplied  through  by  2.66 
and  subtracted  from  equation  2,  giving 
a  final  equation  containing  one  un- 
known, CL,  which  is  easily  calculated. 
Cc  is  the  difference,  CT  —  (CP  +  CL). 
The  weight  of  the  proximate  groups  is 
obtained  from  their  assumed  carbon 
percentages : 

Weight  crude  carbohydrate 

=  Cc   X   100/45, 

Weight  lipid 

=  CL  X   100/70. 

Crude  Protein  weight  has  already  been 
determined  (weight  organic  N  X  6.25). 
Finally,  the  weight  of  the  proximate 
groups  can  be  summed  to  give  an  esti- 
mate of  the  total  weight  of  organic 
matter  in  the  sample. 

Estimation  of  organic  energy 

The  potential  energy  of  organic  mat- 
ter in  biosy stems  is  related  more  to  the 
state  of  reduction  than  to  the  organic 
mass,  and  is  nearly  always  measured  as 
heat  (calories)  by  combustion  calorim- 
etry.  These  general  associations  have 
been  discussed  by  West  (1956) ,  who  also 
pointed  out  that  the  total  energy  given 
off  by  a  substrate  in  oxidation  is  inde- 
pendent of  the  pathway  as  long  as  the 
end  products  are  identical.  While  the 
temperature  changes  observed  in  com- 
bustion calorimetry  provide  a  standard 
method  of  measuring  organic  energy, 
the  relation  between  this  energy  and 
Oxygen  Consumed  is  close  enough  to 
permit  an  accurate  caloric  estimate  by 
quantitative  oxidation.  The  importance 
of  this  relation  was  stressed  by  Spoehr 
and  Milner  (1949).  Oxidative  analyses 
have  been  proposed  for  organic  energy 
characterization  by  Ivlev  (1934)  and 
Krogh  (1930),  and  applied  in  the  stud- 
ies of  Krogh  and  Berg  (1931),  Krogh 
and  Lange  (1932),  and  Vinberg  et  al. 
(1934).  The  transformation  of  an  Oxy- 
gen Consumed  datum  to  caloric  value 
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involves  less  assumptive  risk  than  the 
previously  described  conversions,  and 
requires  a  conversion  factor  representa- 
tive of  limnological  organic  matter. 

The  energy  liberated  in  organic  oxi- 
dation was  described  by  Kharasch 
(1929)  as  the  result  of  a  rearrangement 
of  interatomic  bonds  from  higher  to 
lower  energy  states.  Different  types  of 
bonds  represent  different  energy  levels. 
Kharasch  has  taken  the  bond  energy  of 
methane  oxidation  in  terms  of  valence 
change  as  a  base  value  (26.05  kilocal- 
ories  per  electron  mole)  to  demonstrate 
a  method  for  calculating  heats  of  com- 
bustion for  pure  compounds  with  an  ac- 
curacy of  about  1  percent.  The  method 
involves  multiplying  electron  moles  re- 
quired for  oxidation  (valence  change) 
by  26.05  and  adjusting  the  product  to 
a  final  value  with  certain  energy  factors 
attributable  to  specific  configurations. 
Earlier,  Thornton  (1917)  had  deduced 
a  combustion  caloric  value  of  53  kilocal- 
ories  per  gram  atom  of  oxygen  by  com- 
paring observed  heats  of  combustion 
with  the  amounts  of  oxygen  required. 
Since  1  gram  atom  of  oxygen  equals  2 
electron  moles,  the  two  conversion  bases 
are  in  close  agreement.  Kharasch's  ad- 
justments are  mostly  addition  factors, 
so  the  relation  26.5  kilocalories  per  elec- 
tron mole  (or  3.31  kcal./g.  oxygen)  can 
be  taken  as  representative. 

The  conversion  factors  of  both  Khar- 
asch and  Thornton  are  based  primarily 
on  hydrocarbons  which  have  less  energy 
per  unit  weight  of  Oxygen  Consumed 
than  many  biologically  eminent  com- 
pounds. The  differences  are  not  large, 
but  a  more  representative  factor  is  ob- 
tained by  a  consideration  of  the  caloric 
and  oxidation  values  of  important  lim- 
nological compounds.  This  has  been 
done  in  the  appendix  by  dividing 
the  available  standard  thermodynamic 
heats  of  combustion  (as  kcal./g.)  by  the 
theoretical  O.E.'s.  of  the  respective 
substrates.  Rounded  values  assumed  for 


coefficients  of  the  proximate  groups 
from  these  data  (as  kcal./g.  oxygen) 
are:  Crude  carbohydrate,  3.5;  crude 
protein,  3.3;  lipid,  3.3.  The  single  rep- 
resentative value  selected  is  3.4  (or  27.2 
kcal./  electron  mole)  which  agrees 
closely  with  the  factor  3.38  suggested 
by  Ivlev  (1934)  and  Vinberg  et  al. 
(1934).  More  often  gram  calories  are 
calculated  because  the  analytical  oxygen 
datum  is  expressed  in  milligrams.  The 
equation  is :  Sample  gcal.  ==  O.C.  in  mg. 
X  3.4. 

The  total  calories  found  in  this  man- 
ner for  nitrogen-containing  samples  do 
not  compare  directly  with  bomb  cal- 
orimeter results  because  the  latter  as- 
sumes the  oxidation  of  organic  nitro- 
gen to  No.  In  most  cases,  biologically 
available  energy  does  not  concern  nitro- 
gen oxidation  calories,  and  the  decision 
as  to  which  expression  is  most  appro- 
priate rests  with  the  investigator.  Cal- 
orimeter and  oxidation  data  for  nitro- 
genous materials  can  be  adjusted  to 
mutual  agreement  by  appropriate  addi- 
tion or  subtraction  of  nitrogen  calories 
obtained  from  the  relation  N  kcal.  =  g. 
organic  N  X  5.5.  This  relation  is  not 
exact  because  organic  nitrogen  bonds 
exist  at  various  energy  levels  that  can- 
not be  evaluated  easily. 

Ivlev  (1934)  has  calculated  oxycalorie 
coefficients  for  16  invertebrates  (analy- 
ses reported  from  Geng,  1925,  and 
Brandt  and  Raben,  1920)  and  found 
them  to  vary  between  3.33  and  3.49. 
His  own  data  indicated  an  accuracy  of 
oxidation  calorie  determinations  within 
±5  percent  of  bomb  calorimetry  values. 
The  error  associated  with  the  assumed 
conversion  factor  is  not  very  large.  If 
the  true  oxycalorie  coefficients  for  nat- 
ural samples  vary  between  the  extremes 
indicated  for  cellulose  (3.53)  and  palm- 
itic acid  (3.26),  the  calculated  calories 
will  be  within  ±4  percent  of  the  actual 
calories. 


39 


Since  the  Oxygen  Consumed  value  of 
a  sample  more  accurately  represents  or- 
ganic energy,  its  conversion  to  calories 
is  preferred  to  the  other  transforma- 
tions described.  The  ratio  of  calories  to 
carbon  weight  (determined,  not  calcu- 
lated) can  be  useful  in  characterizing 
the  organic  energy  level  of  a  sample 
whose  content  of  total  organic  matter  is 
unknown.  Fat,  for  instance,  is  distin- 
guished by  its  high  energy  content  per 
unit  weight  (about  9.4  gcal./mg.), 
which  can  be  expressed  in  terms  of  its 
carbon  content:  12.6  gcal./mg.  carbon. 
Different  compounds  and  also  different 
samples  have  characteristic  calorie/ 
carbon  ratios  ranging  up  to  17.6 
(methane) . 

UTILIZATION  OF  OXYGEN 
EQUIVALENT  VALUES 

An  oxidative  analysis  is  valuable  even 
if  the  organic  content  of  a  sample  is 
known.  In  this  instance,  the  reaction 
serves  as  the  first  step  in  carbon  and 
nitrogen  analysis,  and  the  quantity  of 
oxygen  which  reacts  provides  a  measure 
of  the  energy  content  of  the  sample.  No 
less  important  is  the  experimental  Oxy- 
gen Equivalent,  which  is  used  with  the 
organic  weight  and  the  measured  quan- 
tities of  carbon  and  nitrogen  to  deter- 
mine the  proximate  and  ultimate  com- 
positions of  the  sample. 

Determination  of  proximate  composition 

The  nature  of  proximate  groups  with 
respect  to  limnological  matter  is  treated 
in  the  appendix.  In  theory,  these  groups 
represent  pure  or  closely  related  com- 
pounds. In  analysis,  however,  total  or- 
ganic matter  is  merely  partitioned  by 
the  methods  employed  into  three  groups 
which  then  contain  some  compounds 
that  can  be  quite  unrelated.  Obviously, 
no  two  radically  different  methods  will 
give  identical  results,  nor  can  either  be 
adjudged  as  more  or  less  accurate  so 
long  as  their  results  represent  the  de- 


fined or  implied  categories.  The  follow- 
ing method  attempts  to  evaluate  proxi- 
mate groups  analogous  to  the  most  com- 
mon determinations:  Crude  protein  is, 
by  definition,  organic  nitrogen  times 
6.25;  lipid  conforms  to  organic  extrac- 
tion analysis,  with  a  divergence  de- 
scribed in  the  example;  crude  carbohy- 
drate is  the  residual  which  brings  the 
total  to  sample  unity. 

At  least  two  oxidative  methods  of 
proximate  group  analysis  have  been  de- 
scribed for  limnological  samples.  Krogh 
(1930)  used  a  dry  combustion  technique 
with  organic  carbon,  nitrogen,  and  Oxy- 
gen Consumed  measured  by  gasometry. 
These  values  were  interpreted  by  re- 
spiratory quotients  to  give  proximate 
groups.  Spoehr  and  Milner  (1949)  de- 
rived proximate  groups  from  ultimate 
components,  also  analyzed  by  dry  com- 
bustion. Their  calculations  are  similar 
to  those  given  below,  but  use  the  "R- 
value"  noted  in  part  III.  Their  method 
has  been  used  to  estimate  the  proximate 
composition  of  cultured  algae  (Spoehr 
and  Milner,  1949;  Milner,  1948; 
Ketchum  and  Redfield,  1949). 

The  calculation  of  sample  proximate 
composition  requires  two  analytical 
values  (in  addition  to  the  weight  of 
organic  matter),  the  O.E.  and  the  or- 
ganic nitrogen  content,  and  three  con- 
stants (proximate  group  O.E.'s.)  taken 
from  the  appendix.  Proximate  percent- 
ages can  then  be  derived  from  the 
parallel  equations: 

(1)  %CC  +         %CP  +         %L 

=   100 

(2)  1.2  %CC  +  1.5  %CP  +  2.7  %L 

=  O.E.   X   100, 

where  CC,  CP,  and  L  are  crude  carbo- 
hydrate, crude  protein,  and  lipid,  re- 
spectively. The  quantity  of  nitrogen  de- 
termined is  converted  to  its  percentage 
of  organic  matter  and  multiplied  by  6.25 
to  obtain  %CP.  The  latter  is  inserted 
into  both  equations.     Equation    (1)    is 


40 


then  multiplied  through  by  1.2  and  sub- 
tracted from  equation  (2),  which  can- 
cels out  the  first  term.  The  result  is 
factored  and  rearranged: 

(3)    1.5   %L  =   100  (O.E.  -   1.2) 
-  0.3  %CP, 
which  is  solved  to  obtain  the  lipid  per- 
centage.   The  crude  carbohydrate  per- 
centage  is  then   found   by   difference: 
%CC  =  100  -  (%CP  +  %L). 

These  determinations  are  frequently 
carried  out  on  a  large  number  of  sam- 
ples and  the  calculations  may  then  be- 
come tedious.  This  condition  can  be 
averted  by  using  a  nomogram  as  shown 
in  figure  4,  which  was  prepared  from 
equation  3  according  to  the  method  de- 
scribed by  Levens  (1948). 

This  oxidative  determination  of  prox- 
imate composition  is  demonstrated  in 
table  9  and  compared  with  the  results 
of  "standard"  analyses  (crude  protein 
from  micro  Kjehldahl  nitrogen  and  lipid 
by  ether  extraction) .  The  samples,  trout 


fingerling  and  developing  trout  eggs, 
were  the  subjects  of  a  physiological 
study  reported  by  Phillips  et  al.  (1959) , 
and  the  "standard"  compositions  were 
taken  from  the  original  analytical  data 
of  that  study.  "Standard"  protein  val- 
ues were  used  in  the  oxidative  determi- 
nations because  crude  protein  is  synony- 
mous in  the  two  methods.  Since  both 
methods  yield  crude  carbohydrate  by 
difference,  the  comparison  is  more  di- 
rectly that  of  the  lipid  values. 

A  good  agreement  exists  between  the 
two  methods  for  the  percentages  of  lipid 
and  crude  carbohydrate  found  in  trout 
fingerling.  However,  a  striking  differ- 
ence is  manifest  in  these  values  for  trout 
eggs;  the  percentage  lipid  determined 
by  oxidation  is  2  to  3  times  higher  than 
by  ether  extraction.  This  anomaly  is 
attributable  to  the  nature  of  trout  egg 
lipid,  which  Smith  (1952)  described  as 
being  distributed  about  equally  between 
triglycerides   (nonpolar)   and  phospha- 
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Figure  4. — Nomogram  for  the  determination  of  lipid  percentages  from  crude  protein  percent- 
ages and  experimental  Oxygen  Equivalents.  Lipid  percentage  is  obtained  by  extrapolating  a 
line  connecting  the  two  points  representing  the  empirical  values. 
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Table  9. Comparison  of  proximate  compositions  of  trout  samples  determined  by  oxidative  and 

"standard"  analytical  methods 


Oxygen 
Equivalent 

Percentage  compositions  2 

Sample 
Substrate  l 

"Standard"  analysis 

Oxidative  analyses 

Crude 
protein 

Lipid 

Crude 
carbohydrate 

Lipid 

Crude 
carbohydrate 

Fingerling: 

Lot  l._    -    - 

1.09 
1.80 
1.04 
1.81 

1.75 
1.75 
1.75 
1.70 

00 
48 
59 

47 

71 
06 
64 
67 

22 
33 
19 
30 

9 

8 

13 

11 

18 
19 
22 
23 

20 
26 
23 
22 

21 
30 
17 
32 

23 
24 
24 
24 

19 

Lot  2    .    .      . . .    . 

22 

Lot  3    -    -        _    -      -      _ 

24 

Lot  4 

21 

Eggs: 

Lot  21 

6 

Lot  22      

10 

Lot  44 

12 

Lot  17.    

9 

1  Values  for  trout  fingerling  are  means  of  4  or  more 
determinations;  values  for  trout  eggs  are  means  of  2  or 
more  determinations. 

2  "Standard"  analysis  by  micro  Kjehldahl  and  continuous 


ether  extraction  (Phillips  et  al.,  1959);  quantitative  oxi- 
dation by  the  semimicro  method.  The  same  protein  values 
apply  to  both  analyses. 


tides  (polar).  Smith  cited  data  from 
several  sources  which  indicate  that  total 
trout  egg  lipid  is  usually  more  than  20 
percent  of  the  total  dry  weight.  He  also 
suggested  that  relatively  nonpolar  sol- 
vents (ether,  carbon  tetrachloride)  ef- 
fectively extract  only  triglyceride  fat. 
The  oxidative  determination  is  not 
founded  on  solubilities  and  will  there- 
fore give  lipid  values  comprising  all 
compounds  distinguished  by  their 
strongly  reduced  state,  or  high  energy 
content. 

The  equations  and  nomogram  given 
here  are  based  on  one  set  of  proximate 
group  O.E.'s.  which  are  assumed  to  be 
generally  representative.  Certain  sam- 
ples whose  molecular  composition  differs 
strongly  may  be  better  characterized  by 
substituting  more  appropriate  constants 
(see  appendix). 

Determination  of  ultimate  composition 

The  percentages  of  any  two  organic 
elements  in  a  sample  can  be  calculated 
from  its  empirical  O.E.  by  parallel  equa- 
tions if  the  content  of  the  remaining 
organic  elements  is  known.  The  pro- 
cedure has  been  described  by  Kuhn  and 
L'Orsa  (1931)  and  by  Williams  (1937). 
The  four  major  organic  elements,  C, 
H,  O,  and  N  are  of  greatest  concern,  and 
the  method  will  be  explained  for  them. 


Carbon  and  nitrogen  are  determined 
analytically  as  previously  described,  and 
their  percentages  in  the  sample  are  used 
with  the  sample  O.E.  to  calculate  the 
hydrogen  and  oxygen  percentages.  The 
equations  and  procedure  are  similar  to 
those  used  in  proximate  group  determi- 
nation : 


(1) 


&N 


(2) 


%C  +  %H  + 

+  %0  =  100 

2.7  %C  +  7.9  %H  -  0.7  %N 
-  1.0   %0  =  O.E.   X   100. 

Letters  designate  the  elements  con- 
cerned. The  numerical  coefficients  are 
true  constants  which  have  been  calcu- 
lated from  the  relation 

constant  = 

initial  valence  X  equivalent  weight 

oxygen 

atomic  weight 

and  carry  the  sign  of  their  valence  num- 
ber (C+4,  H+1,  N-3,  O-2).  The  O.E.  is 
the  sample  Oxygen  Equivalent. 

The  hydrogen  percentage  is  calculated 
by  inserting  the  three  empirical  values 
(%C,  %N,  O.E.)  into  both  equations  1 
and  2.  The  equations  are  then  added  to 
cancel  out  the  oxygen  terms,  and  the  re- 
sult is  factored  and  rearranged: 

(3)  8.9  %H  =  100  (O.E.  +  1) 

+  0.7  %N  -  3.7  %C. 


42 


Table  10. — The  ultimate  composition  of  ammonium  tartrate  as  determined  by  oxidative  analysis 


Percentage  composition 

Element 

Experimental 

Theoretical 

Related  data 

Analyzed 

Calculated 

25.9 
15.1 

20 . 1 

15.2 

(3 . 6 

52.1 

Nitrogen 

6 . 6 
52.4 

Theoretical  Oxygen  Equivalent:      0.4'34. 
Experimental  Oxygen  Equivalent  l:     0.434. 

From  table  5. 


Equation  3  is  solved  for  %H,  and  %0 
is  100  -  (%H  +  %C  +  %N). 

The  determination  of  the  ultimate 
composition  of  ammonium  tartrate  by 
this  method  gave  the  results  shown  in 
table  10.  Analytical  values  were  taken 
from  table  5.  The  accuracy  in  this  ex- 
ample is  within  1  percent  of  the  true 
values.  The  method  is  capable  of  good 
precision  and  accuracy  because  it  em- 
ploys true  constants,  and  the  assump- 
tions reside  in  the  analyses  (complete- 
ness of  oxidation,  accuracy  of  C  and  N 
analyses,  correct  designation  of  oxida- 
tion end  products).  This  method  is 
usable  on  most  natural  samples  even 
though  several  trace  organic  elements 
are  disregarded.  For  example,  the  dif- 
ference between  the  determined  (as- 
suming complete  oxidation  and  accurate 
C  and  N  analyses)  and  theoretical  hy- 
drogen content  for  protein  containing  1 
percent  sulfur  (values  from  Krogh  and 
Berg,  1931)  is  only  0.08  percent  abso- 
lute (i.e.,  7.00  percent  vs.  7.08  percent 
H) .  A  nomogram  can  be  prepared  from 
equation  3  to  facilitate  the  calculation 


of  hydrogen,  according  to  the  direction 
in  Levens  (1948). 

CONCLUDING  REMARKS 

Of  the  three  simple,  direct  conver- 
sions of  an  Oxygen  Consumed  datum 
that  have  been  described,  the  estimation 
of  organic  energy  (gcal.  =  mg.  O  X 
3.4)  is  probably  the  most  valid  and 
widely  applicable.  Three  transforma- 
tions employing  more  than  one  analyti- 
cal datum  have  also  been  considered. 
Among  these,  the  determination  of 
proximate  composition  from  the  experi- 
mental Oxygen  Equivalent  and  organic 
nitrogen  estimate  appears  to  be  the  most 
useful.  These  six  derivations  fulfill  the 
objectives  of  this  study  but  do  not  fully 
explain  the  uses  of  oxidative  analysis. 
The  reader  is  referred  to  Kuhn  and 
L'Orsa  (1931)  for  a  discussion  of  par- 
tial oxidations  in  the  determination  of 
functional  groups,  and  to  Williams 
(1937)  for  a  method  of  determining 
the  molecular  weight  of  pure  organic 
isolates. 


Part  VI.      LIMNOLOGICAL  EXAMPLES  OF  QUANTATIVE  OXIDATION 


During  the  development  of  the  fore- 
going oxidative  techniques,  different 
samples  from  various  sources  were  in- 
vestigated to  aid  in  improving  the 
methods  as  well  as  to  demonstrate  their 
application.  Some  of  these  analyses 
have  already  been  presented,  either  as 
specific  examples  of  methods  or  in  sup- 


port of  assumptions.  Other  analyses 
have  been  concerned  with  a  continuing 
program  of  regional  limnology  in  the 
Sierra  Nevada  area  of  California.8  The 
following  three  examples  represent 
such  pilot  studies ;  their  immediate  ob- 

3  U.S.  Fish  and  Wildlife  Service,  Bureau  of  Sport  Fish- 
eries and  Wildlife,  project :  California-Nevada  Sport  Fish- 
ery Investigations  with  headquarters  in  Reno,  New 
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jective  is  associated  with  the  present 
research  problem  but  their  data  are 
contributory  to  the  continuing  limno- 
logical program. 

TOTAL  ORGANIC  CONTENT  OF 
ALPINE  LAKES 

Measurement  of  the  standing  crop  of 
net  plankton  is  perhaps  the  most  widely 
used  approach  in  describing  the  produc- 
tive status  of  waters.  However,  when  a 
vertical  plankton  tow  from  a  depth  of 
270  feet  yields  no  detectable  catch,  the 
task  of  making  within-lake  or  between- 
lakes  comparisons  becomes  rather  form- 
idable. This  condition  of  alpine  oligo- 
trophy has  been  observed  by  Reimers 
et  al.  (1955).  It  is  suggestive  of  the 
problems  encountered  in  the  measure- 
ment and  interpretation  of  alpine  pro- 


ductivity which  originally  prompted 
this  study.  The  analyses  of  these  waters, 
therefore,  afford  a  prime  example  of 
the  application  of  quantitative  oxidation 
in  limnological  investigation. 

Selected  descriptive  features  and  an- 
alytical data  for  four  lakes  in  the  Con- 
vict Creek  drainage  of  the  Sierra  Ne- 
vada are  given  in  table  11.  These  lakes 
lie  within  a  circle  about  2  miles  in 
diameter  and  border  within  1.5  miles  of 
the  principal  crestline.  Their  oligo- 
trophy nature  is  induced  primarily  by 
extrinsic  factors  related  to  altitude.  Net 
plankton  was  not  found  in  two  lakes 
(Dorothy,  Cloverleaf )  during  the  initial 
survey  in  1950.  More  extensive  limno- 
logical descriptions  of  these  lakes  ap- 
pear in  the  published  survey  report 
(Reimers  et  al.,  1955). 


Table  11. — Limnological  features  and  results  of  oxidative  analyses  of  four  lakes  in  the  Sierra 

Nevada,  Calif. 

A.  Descriptive  features 


[Data  from  Reimers  et  al.    (1955) 

Elevation 
(feet) 

Area 
(acre?) 

Depth  (feet) 

Milligrams 

per  liter 

Lake 

Maximum 

Mean 

Secchi 

Total  solids 

Hardness 

Cloverleaf 

10,310 
10,675 
10,340 
10,100 

11.6 
6.5 
152 
18.0 

25 

35 

290 

110 

12 

16 

136 

59 

bottom 

bottom 

67 
46 

20 

47 
19 
23 

9  0 

Bighorn 

30  0 

Dorothy . 

11  0 

Edith 

10.0 

B. 

Sampling  and  analytical  data 

[Lakes    sampled    during    August    1958] 

Lake  and  location  l  and  depth  (feet) 


Cloverleaf: 
NW.-C-3 
NE.-C-3. 
SW.-D-3. 
SE.-C-3 


Mean. 
Bighorn: 

D-3_._. 
D-15__. 
D-30__. 


Mean. 
Dorothy: 

D-15__. 
D-35._. 
D-100_. 


Mean 

Edith:     C/D-3. 


Temper- 
ature 

(°F.) 


53 


Number 

of 
analyses 


Milligrams  per  liter 


Oxygen 
Consumed 


1.4 
1.6 
1.8 
2.1 


1.2 
1.3 
1.3 


2.1 
1.7 
1.9 


1.8 


Organic 
matter 


1.22 
1.40 
1.58 
1.84 


1.5 

1.05 

1.14 
1.14 


1.1 

1.84 
1.49 
1.73 


1.7 
1.58 


"  Code  letters  C  and  D  refer  to  sampling  positions  un- 
der the  center  of  the  lake  surface  and   over  the  deepest 


Gram 
calories 
per  liter 


7.3 


5.4 


8.1 
7.7 


point  of  the  basin,  respectively.    The  four  arms  of  Clover- 
leaf Lake  are  listed  by  compass  directions  (NW.,  etc.). 
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Samples  of  unfiltered  water  were  an- 
alyzed before  the  presently  described 
procedures  were  adopted,  but  the  only 
important  departure  from  the  micro 
method  was  a  shorter  reaction  time  (1.5 
to  2  hours) .  Because  of  this,  the  oxida- 
tions were  less  complete  and  somewhat 
less  precise  than  those  described  in  part 
IV.  Oxygen  Consumed  values  in  table 
11  are  unadjusted,  but  the  derived  val- 
ues for  organic  matter  and  calories  have 
been  adjusted  for  80-percent  complete 
oxidation.  All  O.C.'s.  are  averages  of 
replicate  determinations  and  are  signifi- 
cant to  within  ±8  percent  where  three 
or  more  analyses  are  combined.  Abso- 
lute accuracy  does  not  directly  concern 
the  comparison  here,  since  all  samples 
were  analyzed  similarly.  Raw  water  in- 
cludes both  particulate  and  dissolved 
substances,  but  as  the  data  of  Birge  and 
Juday  (1934)  have  indicated,  the  dis- 
solved fraction  is  strongly  predominant. 

The  average  organic  matter  and  cal- 
oric values  for  each  lake  are  not  true 
means  (weighted  according  to  the  vol- 
ume at  each  stratum) .  These  data  also 
give  no  indication  of  temporal  fluctua- 
tions, but  the  report  of  Birge  and  Juday 
(1927)  indicates  that  such  changes  are 
small.  The  following  conclusions  should 
be  viewed  in  the  light  of  the  above 
restrictions. 

1.  General  conclusions.  Total  organic 
content  of  these  alpine  lakes  apparently 
does  not  exceed  2  mg.  or  10  gcal./L. 
Even  if  the  assumed  correction  for  in- 
complete oxidation  is  in  error,  it  is  un- 
likely that  the  maximum  organic  con- 
tent of  any  sample  is  more  than  3 
mg./L.,  placing  these  lakes  below  the 
organically  poorest  ones  studied  by 
Birge  and  Juday  (1934). 

2.  Within-lake  comparisons.  Clover- 
leaf  Lake  is  extremely  irregular  and 
each  of  its  four  arms  yields  a  different 
analytical  quantity  which  correlates  di- 
rectly with  temperature.  Vertical  dif- 
ferences in  organic  distribution  are  im- 


plied in  Lake  Dorothy  by  an  interme- 
diate minimum  occurring  within  the 
three  strata  sampled.  Significant  verti- 
cal differences  are  not  apparent  in  Big- 
horn Lake,  despite  a  rather  strong  ther- 
mal gradient. 

3.  Between-lakes  comparisons.  Depth, 
as  a  characteristic  of  oligotrophy,  does 
not  seem  to  limit  organic  accumulation 
(compared  with  shallowness)  for  lakes 
in  the  same  locality,  as  indicated  by  the 
"high"  oxidation  values  of  Lake  Dor- 
othy. On  the  other  hand,  greater  depth 
may  induce  the  accumulation  of  organic 
matter  in  alpine  lakes  so  far  as  it  affects 
the  lake  volume  relative  to  rate  of 
change  of  watermass.  Total  mineral 
content,  indicated  by  total  dissolved 
solids,  apparently  is  not  related  to  the 
organic  status  of  solute-poor  lakes.  Al- 
though Bighorn  Lake  is  highest  in  total 
dissolved  solids  and  lowest  in  organic 
content,  an  inverse  relationship  between 
these  factors  should  not  be  assumed. 
The  nature  of  inorganic  ions  may  be 
influential  inasmuch  as  this  lake  has  a 
predominant  sulfate  anion,  while  the 
other  lakes  are  bicarbonate. 

QUANTITATIVE  PERIPHYTON  ANALYSIS 

The  community  of  microorganisms 
which  occurs  on  the  surfaces  of  sub- 
merged objects,  commonly  termed  peri- 
phyton,  has  been  the  subject  of  various 
studies  (Cooke,  1956).  Its  accumulation 
on  a  given  surface  area  of  clean  glass 
slides  during  the  course  of  a  predeter- 
mined time  interval  has  been  used  as 
an  index  for  comparing  the  productivity 
of  Sierra  Nevada  lakes  (Nielson,  1953). 
This  quantitative  measurement  of  peri- 
phyton  growth  is  accomplished  by  sim- 
ple gravimetry.  Material  removed  from 
dried  slides  is  weighed,  ashed,  and  re- 
weighed  to  estimate  organic  matter  as 
ignition  loss.  One  procedural  disad- 
vantage is  the  tedious  task  of  removing 
periphyton  from  the  slides.  A  second 
disadvantage,   especially  in  studies  on 
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alpine  lakes,  is  that  the  amount  of  mat- 
ter formed  on  the  slides  is  frequently 
too  small  to  be  weighed  accurately.  Oxi- 
dative analysis  seemed  to  be  a  likely  way 
of  obviating  these  disadvantages  and 
was  therefore  tested  by  a  direct  com- 
parison to  the  gravimetric  analysis  of 
periphyton. 

Accordingly,  one  slide  (1x2  inches) 
for  oxidative  analysis  was  included  with 
each  normal  gravimetric  series  of  four 
slides  (1x3  inches)  on  sets  made  in 
Convict  Lake,  Calif.,  in  November  1958. 
Two  sets  were  made :  One  over  the  deep- 
est point  in  the  lake  consisted  of  13 
series  of  slides  spaced  at  10-foot  inter- 
vals from  5  feet  below  the  surface  to  a 
depth  of  125  feet,  and  a  second  set  of 
3  series  was  placed  in  shoal  water  30 
feet  deep.  The  sets  were  initiated  at  the 
onset  of  fall  overturn  and  were  re- 
trieved after  25  days.  The  four  large 
slides  in  each  series  were  processed 
gravimetrically,4  and  the  fifth  was  an- 
alyzed oxidatively  by  the  micro  method. 

The  slides  were  preserved  in  a  dry 
state  and  were  oxidized  by  introduction 
directly  into  the  reaction  mixture.  It 
was  necessary  to  reduce  the  volume  of 
0.05  N  dichromate  to  2.0  ml.  for  slides 
from  the  deepest  water  because  of  their 
low  organic  complement.  Analytical  re- 
sults were  converted  to  organic  weights 
and  to  gram  calories  per  square  deci- 
meter of  slide  surface  area,  assuming  the 
oxidation  to  be  85  percent  complete. 
Data  from  both  gravimetric  and  oxida- 
tive analyses  are  plotted  in  figure  5  with 
a  depth-temperature  curve  for  the  lake 
which  was  measured  during  the  peri- 
phyton growth  period.  Additional  lim- 
nological  data  for  Convict  Lake  are 
given  by  Reimers  et  al.  (1955)  and  the 
reader  is  referred  to  Nielson  (1953)  for 
a  description  of  periphyton  apparatus 
and  procedure  for  gravimetric  analysis. 

4  These  determinations  were  made  by  H.  D.  Kennedy 
Convict  Creek  Experiment  Station,  Bishop,  Calif.  Mr. 
Kennedy  also  tentatively  identified  most  of  the  periphyton 
organisms,  which  are  almost  exclusively  algal  (54  genera 
of    algae    observed,    30    of    them    diatoms). 


A  curve  has  been  roughly  fitted  to  the 
oxidative  values  in  figure  5,  and  hori- 
zontal scales  for  both  organic  weight 
and  energy  are  given.  Gravimetric  data 
are  shown  only  for  the  deep-water  set. 
While  oxidative  data  can  be  assigned  to 
both  scales,  energy  units  are  more  ap- 
propriate. The  two  methods  of  estimat- 
ing periphyton  quantity  show  good  gen- 
eral agreement,  despite  the  much 
smaller  surface  area  (one-sixth)  an- 
alyzed by  oxidation.  The  values  for  each 
depth  stratum  should  not  necessarily 
coincide  because  one  is  a  direct  estimate 
of  mass  and  the  other  is  more  nearly  an 
estimate  of  energy.  The  difference  be- 
tween the  two  estimates  in  the  shallower 
strata  (above  30  feet)  may  represent  a 
departure  from  the  fixed  relation  of 
mass  to  energy  that  is  assumed  here 
(1  mg.  =  5  gcal.). 

The  time  required  for  the  oxidative 
analyses  was  probably  less  than  half 
that  needed  for  the  gravimetric  analy- 
ses. Since  values  obtained  by  the  latter 
method  are  not  necessarily  more  accu- 
rate estimates  of  organic  mass,  it  is  con- 
cluded that  the  oxidative  measurement 
of  periphyton  is  equal,  if  not  superior 
to  gravimetry.  It  has  the  added  advan- 
tages of  sensitivity  and  ease  of  analysis, 
and  the  potential  benefits  of  elemental 
(C  and  N)  estimates. 

Interpretation  of  the  periphyton  data 
in  figure  5,  apart  from  the  methodologi- 
cal comparison,  suggests  some  interest- 
ing limnological  relationships.  This 
study  does  not  attempt  to  relate  peri- 
phyton production  to  the  entire  lake 
biota,  or  to  define  rigidly  its  trophic 
status.  It  is  assumed  here  that  the  peri- 
phyton of  Convict  Lake  is  primarily  an 
autotrophic  population  (see  footnote  4) 
quite  similar  in  structure  to  nanno- 
plankton.  This  is  the  basis  for  the  fol- 
lowing observations : 

1.  The  deep-water  curve  indicates  a 
logarithmic  decrease  in  periphyton 
abundance  with  depth,  analogous  to  a 
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ORGANIC    MASS   (MILLIGRAMS)   AND    ENERGY    (GRAM   CALORIES) 
PER     SQUARE    DECIMETER    OF    SURFACE    AREA 
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Figure  5. — Periphyton  growth  in  Convict  Lake,  Calif.,  during  a  25-day  period  (November  4-29, 
1958)  as  determined  by  oxidative  and  gravimetric  methods. 


light  penetration  curve.  Since  the  sam- 
pling is  coincident  with  fall  overturn, 
the  effects  of  temperature  and  nutrient 
distribution  are  minimized.  Therefore, 
the  growth  of  periphyton  at  all  depths 
seems  dependent  upon  radiation  inten- 
sity, and  independent  of  vertical  changes 
in  population  composition. 

2.  An  increase  in  periphyton  quantity 
is  noted  in  the  lowermost  series  of  the 
shoal  set.  That  this  phenomenon  is  real 
is  supported  by  other  similar  observa- 
tions. This  "bottom  reinforcement"  is 
probably  not  caused  by  nutrient  diffu- 
sion from  the  sediments,  but  since  light 


is  evidently  limiting,  it  is  more  likely 
attributable  to  a  reflective  increase  in 
radiation  intensity.  A  complex  pattern 
of  autotrophic  production  in  the  vertical 
dimension  is  suggested  for  the  shallower 
waters  of  deep,  clear  lakes  (or  through- 
out shallow  lakes)  under  conditions  of 
light  dependency,  especially  where  bot- 
tom materials  are  reflective.  The  pri- 
mary production  of  such  a  lake,  induced 
from  one  or  a  few  static  vertical  series 
of  measurements,  may  carry  a  signifi- 
cant assumptive  error. 

3.  A  consideration  of  the  two  types  of 
curves  is  indicative  of  the  difficulty  to 
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be  expected  in  comparing  periphyton 
production  (rates)  of  lakes  differing  in 
depth  and  area.  On  the  other  hand, 
quantitative  periphyton  study  can  be  a 
means  of  investigating  the  influence  of 
spatial  distribution  and  lake  morphom- 
etry on  a  producing  population. 

PLANKTON  AND  NEUSTON 
COMPOSITION 

Two  samples  of  plankton  were  taken 
from  Crowley  Lake,  California  for  the 
purpose  of  determining  their  nutrient 
value.  One  of  them  is  a  relatively  pure 
sample  of  the  blue-green  alga  Aphanizo- 
menon  and  the  other  is  a  similar  sample 
of  the  cladoceran  Daphnia.  A  third 
sample,  representing  a  mixed  population 
of  microorganisms,  is  neuston  material 
from  a  pond  surface  near  Cortland, 
N.  Y.  All  of  these  substrates  are  of 
limnological  importance  insofar  as  they 
contribute  to  autochthonous  abioseston 
and  dissolved  organic  matter  upon  dis- 
integration or  decomposition.  The  neus- 
ton material  is  probably  of  little  signifi- 
cance in  lakes  but  its  composition  ap- 
parently has  not  been  investigated. 
These  samples  have  aided  in  the  develop- 
ment of  the  methods  previously  de- 
scribed and  their  Oxygen  Equivalent 
values  were  shown  in  tables  3  and  6. 
The  following  determinations  are  more 
complete  and  independent  of  those  given 
earlier.  They  are  presented  as  a  sum- 
marial  demonstration  of  the  nature  and 
amount  of  information  obtainable  from 
the  "complete"  dichromate  oxidation 
technique. 

Analyses  follow  the  procedures  in 
part  IV  (semimicro  method  of  oxidation 
with  carbon  and  nitrogen  determina- 
tions), and  the  interpretations  of  part 
V.  The  results  are  given  in  table  12. 
Oxygen  Consumed  values  are  lower  than 
those  previously  noted  because  the  sam- 
ples had  gained  a  few  percent  more 
moisture  during  storage.  Oxygen  Equiv- 
alents are  adjusted  for  5-percent  in- 


complete oxidation,  and  carbon  data  for 
3-percent  incomplete  recovery.  The 
proximate  composition  of  Daphnia  has 
been  calculated  with  and  without  an  al- 
lowance for  the  distribution  of  nitrogen 
between  chitin  and  proteinaceous  ma- 
terials. Observations  on  the  derived 
data  are  summarized  below. 

1.  The  three  substrates  are  similar  in 
general  organic  respects;  their  O.E.'s. 
are  close  to  the  "average"  for  limnologi- 
cal samples. 

2.  The  elemental  percentages  occur 
within  the  general  range  given  for 
plankton  and  seston  by  Birge  and  Juday 
(1922),  Brandt  and  Raben  (1920),  and 
Krogh  and  Berg  (1931).  Carbon  con- 
tents are  suspected  to  be  slightly  lower 
than  their  true  values,  perhaps  due  to 
incomplete  recovery  apart  from  incom- 
plete oxidation.5  Neuston  nitrogen  is 
definitely  a  low  percentage  for  biologi- 
cal materials  and  may  reflect  a  composi- 
tion difference  for  organisms  existing  at 
the  water  surface  ecotone. 

3.  Proximate  composition  varies  more 
among  the  substrates  than  ultimate 
composition,  and  is  therefore  more  dis- 
tinguishing. Neuston  is  low  in  crude 
protein  and  high  in  crude  carbohydrate 
and  lipid,  which  is  related  to  the  obser- 
vation above.  Daphnia  is  highest  in 
crude  protein  and  lowest  in  crude  car- 
bohydrate, as  expected,  but  is  lower  in 
lipid  than  other  reported  zooplankton 
analyses  (see  table  8). 

The  actual  application  of  data  such 
as  these  will  depend  on  the  nature  of 
the  study  undertaken,  but  they  are  ex- 
pected to  be  of  value  throughout  the 
limnological  field.  The  salient  and  con- 
cluding issue  here  is  that  a  great  deal 
of  information  is  available  from  a  few 
relatively  simple  analyses  based  on 
quantitative  oxidation.   All  of  the  fore- 

5  A  semi-independent  comparison  can  be  made  by  sum- 
ming the  assumed  carbon  contents  of  the  proximate 
groups.  Carbon  percentages  calculated  in  this  manner  are 
Aphanizomenon  49  percent,  Daphnia  47  percent,  and 
Neuston  51  percent. 
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Table  12. — A  chemical  characterization  of  three  samples  of  aquatic 

organisms 
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Aphanizomenon  _ 

4 

22.5-26.9 

1.191 

40.4 

G.83 

90 

1.41 

46.6 

7.6 

8.1 

37.6 

47.6 

4.6 

47.8 

4.80 

10.3 

Daphnia 

5 

19.0-31.2 

0.988 

32.0 

7.13 

71 

1.40 

46.8 

10.1 

9.0 

34.1 

63.0 

4.6 

32.4 

4.97 

10.6 

3  54.1 

3  6.81  3  39.1 

Neuston 

4 

20.5-21.9 

1.094 

39.1 

4.34 

80 

1.43 

50.3 

5.4 

6.7 

38.6 

33.0 

8.7      57.7 

4.86 

9.7 

1  Analytical  results  are  unadjusted  means. 

2  Oxygen  Equivalents  adjusted  for  5-percent  incomplete 
oxidation,  percentage  carbon  for  3-percent  incomplete 
carbon  recovery.    Caloric  values  do  not  include  energy  of 


nitrogen  oxidation,  which  can  be  calculated   (see  part  V). 
3  Adjusted  for  20  percent  chitin,  a  value  assumed  from 
Geng    (1925). 


going  data  for  any  sample  may  be  de- 
termined from  a  single  "complete"  oxi- 
dation, assuming  the  organic  content  of 
the  sample  is  known.  The  entire  analyti- 


cal procedure  requires  one  weighing,  one 
volumetric  dilution,  3  accurate  pipet- 
tings,  and  3  titrations  for  which  only  2 
standardized  reagents  are  required. 


Part  VII.     SUMMARY 


A  scheme  is  presented  for  the  charac- 
terization of  natural  organic  matter 
which  is  based  on  its  reaction  with  acid 
dichromate.  Conditions  of  strong  acid- 
ity and  prolonged  heating  enable  dichro- 
mate to  oxidize  nearly  all  organic 
compounds  effectively,  returning  sub- 
stituent  elements  to  normal  inorganic 
states.  This  reaction  provides  a  basis 
for  three  analyses.  The  principal  analy- 
sis is  a  measurement  of  the  amount  of 
reacting  oxygen  (quantitative  oxida- 
tion) and  is  described  in  two  related 
procedures:  the  semimicro  method,  ap- 
plicable mainly  to  weighable  particulate 
samples;  and  the  micro  method,  de- 
signed especially  for  minute  amounts  of 
organic  matter  in  deciliter  volumes  of 
water.  The  other  two  analyses  concern 
the  diffusion  separation  and  estimation 
of  organic  carbon  and  nitrogen  as  reac- 
tion end  products  (C02  and  NH3).   All 


analyses  are  accomplished  titrimetri- 
cally,  and  emphasis  is  placed  on  pro- 
cedural simplicity. 

These  analyses  apply  broadly  to  lim- 
nological  samples,  based  on  an  evalua- 
tion of  organic  oxidation  states.  Nat- 
ural organic  matter  is  considered  a 
mixture  of  compounds  in  which  carbon 
is  reduced  from  the  dioxide  by  bonding 
which  excludes  some  oxygen  from  the 
molecules.  The  extent  of  this  reduction 
is  distinctive  for  different  compounds 
and  chemically  similar  classes.  The 
amount  of  oxygen  required  for  reoxida- 
tion  (Oxygen  Consumed)  is  related  to 
the  energy,  mass  and  composition  of 
sample  organic  matter.  These  relation- 
ships are  summarized  in  the  following 
diagram  (fig.  6).  The  limnological  ap- 
plication of  this  analytical  scheme  is 
demonstrated  with  samples  of  plankton, 
periphyton  and  alpine  lake  water. 
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ANALYSES*. 


SAMPLE 


QUANTITATIVE 
OXIDATION       - 

(ACID     OICHROMATE) 


■>    END    PRODUCT 
DETERMINATIONS 

(DIFFUSION) 


ANALYTICAL 
VALUES : 


OXYGEN     CONSUMED 


(ALTERNATIVE 

DIRECT 

TRANSFORMATIONS) 


(KNOWN 
ORGANIC 
WEIGHT) 


ORGANIC 
NITROGEN 


ORGANIC 
CARBON 


DERIVED 
DATA  : 


ENERGY 
CONTENT 

(CALORIC) 


ORGANIC 
CARBON 
CONTENT 


EXPERIMENTAL 

OXYGEN 

EQUIVALENT 


CRUDE 
PROTEIN 


TOTAL 
ORGANIC 
MATTER 


PROXIMATE    GROUPS 

(CRUDE    PROTEIN, LIPID, 
CRUDE    CARBOHYDRATE) 


ULTIMATE     SUBSTITUENTS 

(CARBON, HYDROGEN, OXYGEN, 
NITROGEN) 


CARBON    CALORIES 

(KILOGRAM     CALORIES 
PER    GRAM     CARBON) 


Figure  6. — Flow  diagram  of  the  salient  features  of  organic  analysis  by  quantitative  oxidation. 
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APPENDIX-PROXIMATE  COMPONENTS  IN  LIMNOLOGICAL  SAMPLES 


The  proximate  components  (carbohy- 
drates, fats,  and  proteins)  can  be  con- 
sidered as  groups  of  chemically  related 
compounds.  These  component  groups 
have  been  used  in  characterizing  lim- 
nological  organic  matter  by  Birge  and 
Juday,  Krogh  and  coworkers,  and  many 
others.  Carbohydrates,  fats,  and  pro- 
teins, as  described  and  discussed  in  gen- 
eral biochemical  texts,  are  quite  distinct 
entities,  but  analytical  partitioning  of 
total  sample  organic  matter  into  three 
proximate  groups  necessarily  places 
some  less  closely  related  compounds  to- 
gether. It  is  improper,  then,  to  consider 
carbohydrates  only  as  hexoses  or  hexose 
polymers,  fats  only  as  fatty  acids  or 
triglycerides,  and  proteins  only  as  amino 
acids  or  their  condensates.  To  empha- 
size this  difference,  the  analytical  proxi- 
mate groups  are  referred  to  here  as 
crude  protein,  lipid,  and  crude  carbo- 
hydrate. 

The  most  common  proximate  analysis 
determines  lipid  by  organic  solvent  ex- 
traction, crude  protein  by  conversion  of 
the  measured  organic  nitrogen,  and 
crude  carbohydrate  as  the  amount  of 
residual  matter.  Obviously,  organic 
nitrogen  is  present  in  compounds  other 
than  proteins  or  their  constituent  mole- 
cules, and  solvent  extraction  removes 
some  nonfatty  materials.  Residual  "car- 
bohydrate" then  contains  all  compounds 
not  otherwise  accounted  for,  as  well  as 
the  analytical  errors  of  the  other  two 
determinations.  It  is  felt  that  these 
proximate  groups  would  have  greater 
significance  and  utility  in  limnological 
studies  if  they  were  more  closely  defined 
in  terms  of  the  most  important  com- 


pounds actually  present.  Furthermore, 
it  is  necessary  for  the  analytical  scheme 
presented  here  to  evaluate  the  more  im- 
portant oxidative  characteristics  of  the 
proximate  groups  and  interpret  them  as 
representative  values.  In  doing  this,  it 
is  desirable  to  view  the  proximate 
groups  as  they  are  determined  by  the 
more  common  analytical  techniques  so 
that  the  results  of  oxidative  analysis  will 
be  compatible  with  data  of  other  re- 
search. 

The  characterization  of  proximate 
components  has  been  accomplished  by 
arranging  the  most  abundant  limnologi- 
cal compounds  (or  representatives)  and 
their  characterizing  data  into  groups 
and  subgroups  (appendix  tables  A-l 
through  A-5).  Empirical  formulas  and 
energy  contents  (kcal./g.  substrate) 
were  taken  mainly  from  Hodgman 
(1959)  and  Washburn  (1929).  From 
these  data,  the  percentages  of  carbon 
and  nitrogen,  the  Oxygen  Equivalents 
(text,  p.  7),  and  the  other  energy  rela- 
tions were  calculated.  The  most  useful 
energy  value  in  oxidative  analysis  is 
kilocalories  per  gram  of  oxygen  con- 
sumed (or  gcal./mg.  O.C.),  which  Vin- 
berg  et  al.  (1934)  have  referred  to  as 
the  "oxycalorie  coefficient."  Calorie  val- 
ues for  nitrogenous  compounds  do  not 
include  energy  of  nitrogen  oxidation 
(see  text,  p.  39).  This  compilation  and 
its  interpretation  are  based  on  the  works 
of  Fogg  (1953),  Haurowitz  (1955), 
Vallentyne  (1961),  and  especially  Val- 
lentyne  (1957),  with  lesser  references 
noted  in  context.  A  great  many  com- 
pounds which  would  be  included  in  this 
classification  chemically,  have  not  been 
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demonstrated  as  quantitatively  impor- 
tant in  limnological  material.  On  the 
other  hand  there  are  doubtless  several 
prominent  natural  compounds  which 
deserve  inclusion  but  remain  to  be  de- 
scribed chemically.  The  listed  com- 
pounds are  assumed  to  be  sufficient  in 
number  and  type  to  permit  a  satisfac- 
tory introductory  characterization  of 
proximate  groups.  This  characteriza- 
tion is  a  tentative  personal  interpreta- 
tion of  existing  information  and  may  be 
modified  by  better  quantitative  molecu- 
lar information  as  it  becomes  available. 

Crude  carbohydrate 

A  classification  of  carbohydrate  ma- 
terials is  given  in  appendix  table  A-l. 
All  of  these  compounds  are  susceptible 
to  rapid  oxidation  by  dichromate  and, 
lignoids  excepted,  are  characterized  by 
low  Oxygen  Equivalents,  carbon  con- 
tents, and  calorific  values  per  unit  com- 
pound weight,  and  by  high  oxycalorie 
coefficients.  "True"  carbohydrates  ap- 
pear in  the  upper  half  of  the  table  and 
are  considered  the  most  abundant  car- 
bohydrate forms  in  cellular  material 
such  as  net  plankton,  macrophytes,  nan- 
noplankton  and  periphyton.  Sample  ma- 
terial of  this  type  is  assumed  to  contain 
crude  carbohydrate  represented  by  an 


O.E.  of  1.2,  an  oxycalorie  coefficient  of 
3.5,  and  a  carbon  content  of  45  percent. 
Lignoids  and  some  of  the  low  mole- 
cular weight,  high  oxygen  content  com- 
pounds (especially  acids)  are  expected 
to  occur  analytically  as  carbohydrates 
because  of  their  insolubilities  in  organic 
solvents.  Lignin  and  humic-type  acids 
are  classed  together  as  lignoids  because 
of  similar  properties  (cyclic  structure, 
methoxyl  groups,  high  O.E.  and  carbon 
content).  Abioseston  and  sediments 
may  contain  a  large  amount  of  lignoids 
(Kleerekoper,  1953).  Kleerekoper  and 
Grenier  (1952)  estimated  that  up  to 
one-half  of  the  organic  material  at  the 
surface  of  bottom  sediments  is  lignin. 
Lignoids  are  also  prominent  components 
of  dissolved  organic  matter  especially  in 
humic  waters.  Although  Shapiro  (1957) 
has  observed  organic  solvent  solubility 
for  humolimnic  isolates,  the  data  of 
Birge  and  Juday  (1927,  1934)  indicate 
ether  insolubility  for  dissolved  humic 
materials.  This  difference  may  be  due 
to  different  sample  pretreatment.  It  is 
concluded  here  that  the  crude  carbohy- 
drate of  sedimented  and  dissolved  humic 
matter  differs  from  that  of  cellular  sub- 
stance and  has  the  representative  val- 
ues: carbon,  50  percent;  O.E.,  1.4. 


Appendix  Table  A-l. — Crude  carbohydrates:  representative  compounds  and  some  of  their  char- 
acteristics important  in  oxidative  analysis 


Molecular 
formula 

Percentage 
carbon 

Oxygen 
Equivalent 

Kilocalories  per  gram 

Classification 

Substrate 

Substrate 
carbon 

Oxygen 
Consumed 

Hexoses  and  hexosans: 
Glucose. _   . 

C6H12O6 
(C6Hio05)n 

C30H50O1 9N4 

(CsHs04)n 

(CeHsOrOn 

Cp.9H11.4O3. 5 

(see  table  7) 

C3H4O3 

C4H6O5 

40.0 
44.4 

46.8 

45.4 

40.9 

63.6 

49-55 

40.9 

35.8 

1.06 
1.18 

1.25 

1.21 

0.91 

1.89 

1.48-1.55 

0.91 

0.72 

3.74 
4.18 

9.4 
9.4 

3  51 

Starch,  cellulose.. 

3  53 

Hexosamines: 
Chitin  i... 

Pentosans: 

Xylan 

4.26 

9.4 

3.51 

Polyuronides  and  pectins: 
Pectic  acid 

Related  compounds  2: 
Lignin  3 

6.28 

9.9 

3.32 

Humic  and  crenic  acids 

Pyruvic  acid 

3.16 
2.39 

7.7 
6.7 

3.49 
3.34 

Malic  acid 

'Composition  from  Strecher    (1960). 


2  Examples  of  various  compounds  which  may  occur  in 
this  group. 

3  Data  from  Brauns   (1952). 
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Lipid 

Various  strongly  reduced,  high-car- 
bon compounds  with  high  Oxygen 
Equivalents  are  grouped  in  appendix 
table  A-2  as  lipids.  They  are  generally 
soluble  in  organic  solvents,  and  slowly 
oxidized  because  of  their  immiscibility 
with  water.  Fats  and  fatty  acids  pre- 
dominate in  cellular  material.  The  hy- 
pothetical triglyceride  shown  is  based 
on  the  most  abundant  algal  fatty  acids 
listed  by  Fogg  (1953).  In  addition  to 
fats,  extracted  algal  lipid  may  contain 
up  to  40  percent  pigments  (Burlew, 
1953)  ;  of  these,  chlorophylls  are  pres- 
ent in  largest  amounts  (Hill  and  Whit- 
tingham,  1958).  Free  fatty  acids 
observed  in  lake  water  (Goryunova, 
1952,  1954a)  were  attributed  to  secre- 
tions from  diatoms  and  other  algae 
(Goryunova,  1954b).  Fatty  acids,  pig- 
ments and  their  degredation  products, 
and  waxes  are  known  from  seston  and 
sediments  (Vallentyne,  1957). 

The  four  subgroups  in  the  upper  por- 
tion of  appendix  table  A-2  represent 
the  most  reduced  states  of  these  com- 
pounds. As  decomposition  or  degreda- 
tion proceeds,  especially  with  fatty  acids 
and  porphyrins  (pyrrole  compounds), 
carbon  contents  and  O.E.  values  de- 
crease. Organic  solvent  extraction  can 
be  expected  to  remove  some  nonlipid 
material  from  a  sample,  and  this  occur- 


rence is  noted  as  the  final  group  in  the 
table.  In  contrast  to  the  lipids,  these 
compounds  are  of  low  carbon  content 
and  O.E.,  and  more  properly  belong  to 
the  crude  carbohydrate  group. 

Except  in  some  living  cells  (such  as 
diatoms  or  zooplankters)  the  total  sam- 
ple lipid  does  not  exceed  about  10  per- 
cent. This  fact  makes  lipid  the  least 
abundant  of  the  proximate  groups. 
Nevertheless,  it  has  a  strong  influence 
on  the  sample  O.E.  and  carbon  content 
by  virtue  of  its  highly  reduced  state. 
The  characteristic  values  assumed  here 
for  limnological  lipid  are  carbon  70  per- 
cent, O.E.  2.7,  oxycalorie  coefficient  3.3. 

Crude  protein 

The  nitrogen-containing  materials  in- 
clude the  most  important  biological 
compounds  and  frequently  comprise  the 
largest  fraction  of  sample  organic  mat- 
ter. However,  the  group  appears  to  be 
poorly  understood  in  proximate  analysis 
of  limnological  material  and  is  therefore 
given  special  consideration. 

Amino  acids  and  the  larger  molecules 
into  which  they  condense  are  considered 
"true"  proteins.  Elemental  analyses  of 
purified  proteins  indicates  that  they  are 
very  nearly  16  percent  nitrogen,  and  it 
is  from  such  "text"  values  that  the  con- 
version factor  for  estimating  crude  pro- 
tein    is    obtained.      Individual     amino 


Appendix  Table  A-2. — Lipids:  representative  compounds   and   some    of    their   characteinstics 
important  in  oxidative  analysis 


Molecular 
formula 

Percentage 
carbon 

( >xygen 
Equivalent 

Kilocalories  per  gram 

Classification 

Substrate 

Substrate 
carbon 

Oxygen 
Consumed 

Fats,  oils  and  fatty  acids  l : 
Palmitic  acid . 

CmH3202 

CmH2s02 
C1SH32O2 
CssHtnOfi 

C55H74O5N4 

CUoHsr, 

C2..H4SO 

Various 

75.0 

76.2 
77.1 
76.9 

75.9 

89.9 

84.3 
50 

2.86 

2 .  79 
2.85 
2.85 

2   50 

:: .  23 

3 .  13 

1 

9.38 

I2.fi 

3.26 

Palmitolic  acid 

Stearolic  acid 

9.38 

12.1 

3.29 

Triglyceride  (of  the  above) 

Pyrrole  compounds: 

Chlorophyll  (pheophytin) . 

Carotenoids.  isoprene  derivatives: 

Beta-carotene ..    .. 

Sterols  and  steroids: 

Fucosterol 

Related  compounds  2 

•"> 

10 

3 . 3 

1  Molecules  assumed  to  be  representative  from  the  data 
given   by   Fogg    (1953). 


2  Generalized  values  for  organic  solvent  soluble,  oxy-  and 
hydroxy-compounds  which  may  occur  in  this  group. 


59 


Appendix  Table  A-3. — Characteristics  of  some  free  amino  acids  from  aquatic  plant  and  animal 
protein  hydrolyzates 


Molecular 
formula 

Percentages 

Oxygen 
equi- 
valent 

Kilocalories 
per  gram 

Order  of  abundance  x 

Algae 

Inverte- 
brates 

Amino  acid 

Carbon 

Nitrogen 

Amino 
acid 

Oxygen 
consumed 

Brook 
trout 

Leucine  and  isoleucine__ 

C6H13O2N 
C5H9O4N 
C4H7O4N 
C6H14O2N2 
C3H7O2N 
C5H11O2N 
C6H14O2N4 
C5H9O2N 
C2H5O2N 

55.0 
40.8 
36.1 
49.2 
40.4 
51.2 
41.4 
52.1 
32.0 

10.7 
9.5 
10.5 
19.1 
15.7 
12.0 
32.1 
12.2 
18.7 

1.829 
0.979 
0.721 
1.530 
1.077 
1.640 
0.989 
1.529 
0.639 

5.92 
3.15 
2.31 
5.09 
3.48 
5.29 
3.49 
5.09 
2.08 

3.24 
3.22 
3.20 
3.32 
3.23 
3.23 
3.45 
3.33 
3.25 

1 
3 

5 

6 
8 
2 
7 
4 
11 

1 
2 
3 
5 
7 
9 
4 
8 
14 

1 
2 

5 

6 

4 

8 

9 

10 

3 

1  Based  on  data  given  by  Fogg  (1953)  and  Block  (1959). 


acids,  as  shown  in  appendix  table  A-3, 
actually  contain  quite  dissimilar  nitro- 
gen percentages.  However,  the  average 
contents  of  nitrogen  for  aggregates  of 
free  amino  acids  or  for  proteins  are 
much  less  variable.  Other  characteriz- 
ing values  also  can  be  represented  by 
averages.  Thus,  amino  acid  carbon  con- 
tent is  about  50  percent,  Oxygen  Equiva- 
lent is  about  1.5,  and  energy  content  is 
about  5  kilocalories  per  gram.  Oxcalorie 
coefficients,  averaging  nearly  3.3,  vary 
the  least.  The  above  values  increase 
slightly  when  calculated  for  combined 
acids  because  one  water  molecule  is  lost 
for  each  peptide  bond  formed.  The  cal- 
culated O.E.'s  and  energy  contents  of 
several  proteins  are  given  in  appendix 
table  A-4.  On  the  whole,  they  are  quite 
similar  (O.E.  1.49  to  1.60;  kcal./g.  4.92 
to  5.29)  but  a  distinct  difference  is  evi- 
dent between  the  algal  and  animal  pro- 
teins, the  former  having  a  higher  aver- 
age O.E.  and  caloric  content. 

In  some  biological  materials,  the  as- 
sumption that  total  organic  N  is  reckon- 
able  as  protein  may  be  very  nearly  cor- 
rect (Haurowitz,  1955,  noted  that  less 
than  2  percent  of  human  blood  nitrogen 
is  nonprotein).  Limnological  samples 
may  be  strikingly  different,  and  this  as- 
sumption can  cause  a  rather  misleading 
conception  of  crude  protein.  Nitrogen- 
ous compounds  have  been  listed  in  the 
two     previous     groups     (carbohydrate 


Appendix  Table  A-4. — Oxygen  Equivalents 
and  caloric  values  of  some  aquatic  plant  and 
animal  proteins 

[Based  on  compositions  given  by  Block    (1959)    and  Fogg 
(1953)] 


Protein  source 

Oxygen 
equivalent  l 

Kilocalories 

per  gram 
of  protein  2 

Algae: 

Anabaena  (Cyanophyta) 

Chlorella  (Chlorophyta) 

Navicula  (Bacillariophyta)  _ 
Tribonema  (Chrysophyta).. 

Aquatic  invertebrates: 

Oammarus  (Crustacea) 

Ephemeroptera  (Insecta) 

1.58 
1.56 
1.59 
1.60 

1.49 
1.53 
1.52 

1.49 
1.49 

5.21 
5.15 
5.26 
5.29 

4.92 
5.06 
5.02 

Trout  (Salvelinus) : 

Wild 

Hatchery 

4.92 
4.92 

1  Calculated  by  adjusting  all  amino  acid  percentages  re- 
ported for  each  source  to  100  and  summing  their  individual 
weighted  Oxygen  Equivalents  (combined  acid  O.E.  =■  free 
acid  O.E.  X  mol.  wt./mol.  wt.  —  18). 

2  Calculated  from  Oxygen  Equivalents  and  oxycalorie  co- 
efficients (kcal./g.  =  O.E.  X  3.3).  Corresponding  calori- 
meter values  would  be  about  0.88  kilocalories  per  gram 
higher. 

3  Chiefly  Plecoptera. 


chitin  and  lipid  pyrroles).  Others  are 
given  in  the  lower  part  of  appendix 
table  A-5.  These  nonprotein  nitrogen- 
ous compounds  have  different  character- 
istic values  (especially  percentage  N 
and  O.E.)  and,  if  present  in  a  sample 
in  substantial  amounts,  may  cause  a 
significant  error  in  the  crude  carbohy- 
drate estimate.  The  calculation  of  crude 
protein  (organic  N  X  6.25)  mathemati- 
cally assigns  at  least  some  of  any  nitro- 
gen-containing material  to  this  group. 
Geng  (1925)  has  shown  that  inverte- 
brates may  contain  up  to  20  percent 
chitin  (properly,  a  carbohydrate).    The 
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Appendix  Table  A-5. — Crude  proteins:  representative  compounds  and  some  of  their  characteris- 
tics important  in  oxidative  analysis 


Molecular  formula 

Percentages 

Oxygen 
equi- 
valent 

Kilocalories  per  gram 

Classification 

Carbon 

Nitrogen 

Substrate 

Substrate 
carbon 

Oxygen 
consumed 

Proteins  *: 

1 

C4.32H7.OoOl.6ONl.  14 

C4.45H7.00O1.49N1.11 
(see  table  A-3) 

C30H50O19N4 

C55H74O5N4 

C5H5N5 
C4H4O2N2 

C5H4O3N4 

52 

53.5 
32-55 

46.8 

75.9 

44.5 
42.9 

35.7 

16 

15.6 

10-32 

7.4 

6.4 

51.9 
25.0 

33.3 

1.44 

1.48 

0.6-1.8 

1.24 

2.50 

.59 
.71 

.29 

4.8 

9.2 

3.3 

2 

2-8 
4.3 

3.3 

Related  compounds  2: 
Hexosamines: 
Chitin 

9.3 

3.5 

Pyrrole  compounds: 

Nucleic  acid  derivatives: 

Excretory  products: 

.91 

2.5 

3.2 

1  Data  for  protein  No.  1  from  Krogh  and  Berg  (1931)  and 
for  protein  No.  2  from  Brandt  and  Raben  (1920).  See 
appendix  table  A-4  for  other  values. 


aforementioned  calculation  partitions 
chitin  between  the  two  proximate 
groups;  an  example  of  this  error  is 
demonstrated  in  text  table  12.  On  the 
other  hand,  if  strongly  nitrogenous 
excretory  products  are  present  (such  as 
urea  or  uric  acid)  the  conversion  error 
places  an  excess  quantity  of  matter  into 
the  crude  protein  group  and  diminishes 
the  crude  carbohydrate  proportion 
which  is  calculated  by  difference.  The 
latter  effect  cannot  be  demonstrated  by 
existing  data,  but  must  surely  occur  to 
some  extent  on  occasion.  Because  crude 
protein  by  analytical  definition  is  or- 
ganic N  X  6.25,  these  errors  cannot  be 
resolved  easily  until  more  is  known 
about  the  molecular  nature  of  limnologi- 
cal  organic-nitrogen  compounds. 

Cellular  material  can  be  expected  to 
contain  a  predominance  of  protein  nitro- 
gen.   The  studies  of  Domogalla  et  al. 


2  Examples  of  nitrogen-containing  compounds  placed  in 
this   group   by   analytical   definition. 


(1925)  and  Peterson  et  al.  (1925)  have 
indicated  that  most  dissolved  organic  N 
is  proteinaceous  (amino  and  peptide). 
More  recently,  Vallentyne  and  others 
(see  Vallentyne,  1957)  have  identified 
several  amino  acids  from  hydrolyzates 
of  dissolved  and  sedimented  organic 
materials.  Other  important  nitrogenous 
compounds  are  poorly  characterized. 

The  data  given  for  proteins,  amino 
acids,  and  nonprotein  nitrogenous  com- 
pounds in  appendix  table  A-5  suggest 
the  following  representative  values  for 
crude  protein :  Carbon,  52  percent;  O.E., 
1.5;  oxycalorie  coefficient,  3.3.  This  O.E. 
is  possibly  too  high  for  dissolved  mat- 
ter, and  for  particulate  matter  where 
living  plant  cells  are  not  abundant.  A 
crude  protein  O.E.  of  1.45  or  1.4  may 
prove  to  be  more  appropriate  in  such 
instances. 
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Created  by  Act  of  Congress  in  1849,  the  Department  of 
the  Interior  is  responsible  for  a  wide  variety  of  programs 
concerned  with  the  management,  conservation,  and  wise 
development  of  America's  natural  resources.  For  this  rea- 
son it  often  is  described  as  the  "Department  of  Natural 
Resources." 

Through  a  score  of  bureaus  and  offices  the  Department 
has  responsibility  for  the  use  and  management  of  millions 
of  acres  of  federally  owned  lands ;  administers  mining  and 
mineral  leasing  on  a  sizable  area  of  additional  lands;  irri- 
gates reclaimed  lands  in  the  West;  manages  giant  hydro- 
electric power  systems;  administers  grazing  and  forestry 
programs  on  federally  owned  range  and  commercial  forest 
lands;  protects  fish  and  wildlife  resources;  provides  for 
conservation  and  development  of  outdoor  recreation  oppor- 
tunities on  a  nationwide  scale;  conserves  hundreds  of  vital 
scenic,  historic,  and  park  areas;  conducts  geologic  research 
and  surveys;  encourages  mineral  exploration  and  conducts 
mineral  research;  promotes  mine  safety;  conducts  saline 
water  research ;  administers  oil  import  programs ;  operates 
helium  plants  and  the  Alaska  Railroad;  is  responsible  for 
the  welfare  of  many  thousands  of  people  in  the  Territories 
of  the  United  States ;  and  exercises  trusteeship  for  the  well- 
being  of  additional  hundreds  of  thousands  of  Indians,  Aleuts, 
and  Eskimos,  as  well  as  being  charged  with  resource  man- 
agement of  millions  of  acres  of  Indian-owned  lands. 

In  its  assigned  function  as  the  Nation's  principal  natural 
resource  agency,  the  Department  of  the  Interior  bears  a 
special  obligation  to  assure  that  our  expendable  resources 
are  conserved,  that  renewable  resources  are  managed  to 
produce  optimum  yields,  and  that  all  resources  contribute 
their  full  measure  to  the  progress,  prosperity,  and  security 
of  America,  now  and  in  the  future. 
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ABSTRACT 


By  bioassay,  evaluation  was  made  of  the  activity  and  relative  potency  of  pituitaries 
collected  throughout  the  year  from  various  species  of  fish.  Goldfish,  zebra  fish,  and 
channel  catfish  were  the  chief  test  species ;  carp,  green  sunfish.  largemouth  bass,  white 
crappie,  and  flathead  catfish  were  used  occasionally.  Positive  response  was  indicated 
by  ovulation  of  eggs  or  by  increase  in  seminal  plasma. 

In  experiments  to  determine  the  species  from  which  pituitaries  can  be  used  to  spawn 
various  species  ( phy logenetic  specificity),  29  interspecific  and  intergeneric  injections 
and  25  interfamilial  injections  were  successful ;  only  7  heteroplastic  injections  failed 
to  induce  ovulation  or  exhibited  low  activity.  Of  the  7  failures,  4  involved  river  carp- 
sucker  and  fresh-water  drum  pituitaries  at  regular  dosage  levels ;  and  the  other  3 
were  unsuccessful  attempts  to  spawn  carp  with  other  than  homoplastic  pituitaries. 
Specificity  appears  so  slight  that  it  has  no  practical  importance  in  fish-cultural 
techniques. 

Activity  of  pituitaries  collected  in  various  months  did  not  vary  as  much  as  the  individ- 
ual variations  in  physical  condition  of  the  test  fish.  The  data  indicate  that  all  the  pitui- 
taries are  active  in  the  months  in  which  collections  were  made.  Activity  in  relation 
to  size,  sex,  and  degree  of  gonadal  development  of  the  donor  fish  does  not  appear  as 
important  as  implied  by  some  previous  reports  in  the  literature. 

No  detrimental  effects  of  pituitary  injections  have  been  detected  in  incubating  and 
hatching  the  eggs,  or  in  rearing  the  fingerlings,  from  over  200  channel  catfish  spawns 
and  thousands  of  goldfish  spawns. 
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BIOASSAY  AND  USE  OF  PITUITARY  MATERIALS 
TO  SPAWN  WARM -WATER  FISHES 


By     Howard  P.  Clemens 

University  of  Oklahoma 
Norman,  Oklahoma 

Use  of  pituitary  materials  to  induce  fish 
to  spawn  has  many  advantages  in  the 
culture  of  sport,  food,  bait,  and  tropical 
fishes.  Since  fully  ripe  females  of  most 
species  respond  to  pituitary  injections  by 
spawning  within  12  to  20  hours,  it  is  pos- 
sible to  predict  rather  accurately  when  a 
spawn  will  occur.  This  predictability  al- 
lows the  fish-culturist  to  plan  his  work  ac- 
cording to  a  rigid  schedule,  since  the 
injections,  to  some  degree,  bypass  the 
variables  in  the  environment,  such  as  tem- 
perature, light,  and  rain.  Since  both 
males  and  females  respond  positively  to 
pituitary  injections,  most  species  can  be 
hand-stripped,  a  practice  wiiich  offers  ad- 
ditional advantages.  Culture  ponds  can 
be  stocked  with  eggs  and  fry  of  uniform 
age  and  size.  Since  the  brood  stock  are 
not  in  the  pond  with  the  offspring,  the  pos- 
sibility of  transmission  of  disease  from 
brood  stock  to  offspring  is  reduced,  and 
predation  by  the  parent  is  eliminated. 
Hybrids  can  also  be  produced  by  hand- 
stripping  whenever  hybridization  is  de- 
sirable and  feasible.  Wild  fish  that  have 
not  vet  been  domesticated  may  be  spawned 
more  easily  by  the  pituitary  method.  Fre- 
quently more  uniform  spawning  has  been 

This  report  is  based  on  an  Investigation  con- 
ducted under  the  Ka'.tonstall-Keiinedy  Act,  Tui- 
lersity  of  Oklahoma  Research  Institute.  Con- 
tract Xos.  14-19-088-2382  and  14-19-088  2488. 
Dr.  Carl  I).  Riggs,  Project  Leader,  directed  the 
work.  The  authors  wish  to  receive  equal  credit 
for  this  publication. 


and     Kermit  E.  Sneed 

Southeastern  Fish  Cultural  Laboratory 
Marion,  Alabama 

achieved  by  the  injection  of  pituitary  ma- 
terials into  ripe  fish  which,  because  of 
some  environmental  or  physiological  con- 
dition, would  fail  to  spawn  without  such 
treatment. 

South  American  and  Russian  fish-cul- 
turists  have  applied  the  pituitary  method 
to  the  large-scale  spawning  of  fish  of  eco- 
nomic importance.  In  the  United  States 
such  work  has  been  limited  for  the  most 
part  to  small  experimental  lots  of  fish. 
This  is  pointed  out  by  Pickford  and  Atz 
(1957),  who  reviewed  and  discussed  all 
the  available  literature  on  the  use  of  pitu- 
itaries. A  study  of  their  book,  indispen- 
sable to  anyone  interested  in  fish  gonado- 
tropins and  their  use  in  fish  culture, 
reveals:  (1)  Fish  pituitaries  contain  the 
hormones  to  precipitate  spawning  in  ripe 
fish.  (2)  There  is  little  if  any  specificity 
in  the  hormones  of  fishes;  that  is,  the 
pituitaries  of  one  family  or  species  are 
usually  active  in  unrelated  species.  (3) 
There  are  a  number  of  examples  in  which 
gonadotropic  materials  from  other  ver- 
tebrate classes  were  found  to  be  active  in 
fish.  (4)  Out-of -season  spawning  has  been 
induced  by  the  administration  of  gonado- 
tropins.    (.^>)     Fresh,    acetone-dried,    or 

fro/en  pituitaries,  as  well  as  glycerine  ex- 
tracts, saline  suspensions,  and  water  ex- 
tracts of  pituitaries  have  similar  activity. 
(('))  Under  most  experimental  conditions 
the  injection  of  pituitaries  does  not  de- 
crease   fertility.      (7)     Increased     or    de- 
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creased  exposure  (depending  on  species  of 
fish  involved)  to  light  may  have  the  same 
effect  on  sexual  development  and  spawning 
as  pituitary  injections.  (8)  The  lack  of  re- 
sponse in  some  experiments  with  mamma- 
lian gonadotropins  may  be  due  to  the  fact 
that  the  dosage  was  too  low  (Kawamura 
and  Otsuka,  1950,  used  quite  high  levels  to 
achieve  positive  results).  Also,  fish  may 
require  a  ratio  of  components  different 
from  that  contained  in  some  mammalian 
materials ;  and  there  may  be  a  quantitative 
difference  in  the  ratio  of  hormones  rather 
than  a  qualitative  difference  in  the  hor- 
mones themselves.  (9)  There  is  little  or 
no  qualitative  difference  in  the  pituitaries 
of  the  male  and  female  donor  fish,  at  least 
from  a  practical  viewpoint.  (10)  There 
may  be  a  "seasonal"  difference  in  the  bio- 
logical effect  produced  by  pituitaries  taken 
from  fish  prior  to  spawning  and  those 


taken  immediately  after  spawning. 

Much  more  must  be  learned  before  the 
qualitative  and  quantitative  differences  in 
fish  pituitaries  at  various  times  in  the  year 
are  known.  The  responses  to  these  pitu- 
itaries of  fish  of  different  physiological 
condition,  age,  and  development  must  also 
be  determined.  At  present,  good  bioassay 
methods  for  fish  gonadotropins  are  un- 
known. Witschi  (1940)  demonstrated 
that  the  LH  component  of  vertebrate  pitu- 
itaries could  be  assayed  relatively  by  in- 
jecting the  material  into  weaver  finches. 
The  method  for  the  bioassay  of  FSH  in 
fish  pituitary  materials  involves  the  cor- 
nification  of  the  mouse  vagina,  but  these 
methods  have  been  questioned  by  some 
workers.  Until  good  methods  are  devised, 
rather  crude  bioassay  methods  of  whole 
pituitaries  and  unpurified  extracts  must  be 
used. 


BIOASSAY  OF  PITUITARY  MATERIALS 


Collection  and  preparation  of  pituitaries 

There  are  many  potential  sources  of  fish 
pituitaries.  When  only  a  few  pituitaries 
are  needed  it  is  usually  practical  to  sac- 
rifice the  culls  from  the  brood  stock  which 
is  to  be  spawned.  Our  experience  has  in- 
dicated that  these  culls  have  active  pitui- 
taries. Also,  they  are  usually  similar  in 
size  to  fish  to  be  spawned  and  their  pitui- 
taries can  be  injected  without  weighing  or 
diluting.  At  some  fish  hatcheries  it  is  ad- 
vantageous to  have  a  stock  of  carp  or  gold- 
fish to  provide  a  few  pituitaries  when 
needed.  Often  wholesale  fish  markets  may 
handle  fish  from  which  pituitaries  can  be 
obtained,  provided  that  the  fish  are  strictly 
fresh  or  were  frozen  when  fresh.  Pitui- 
taries (mostly  from  buffalo,  Ictiohus)  that 
were  frozen  in  the  head  of  fish  for  a  few 
days  up  to  at  least  1  year  were  effective  in 
spawning  goldfish,  but  these  were  not  as 
uniform  or  as  potent  in  action  as  fresh 
material.     An  excellent  source  of  a  large 


number  of  pituitaries  is  from  the  rough 
fish  caught  by  commercial  fishermen  or 
State  fish  and  game  department  employees 
when  they  use  traps,  nets,  or  rotenone.  j 
Pituitaries  which  are  allowed  to  remain  at 
high  temperatures  after  the  death  of  the 
fish  probably  lose  their  gonadotropic  activ- 
ity because  of  enzymatic  action. 

Our  method  of  collecting  the  pituitaries 
was  to  cut  off  the  heads  of  the  fish  with  a 
cleaver,  remove  the  top  of  the  cranium  of 
each  immediately  above  the  eyes,  and  lift 
out  the  brain  with  forceps.  In  some  spe- 
cies the  pituitary  remained  attached  to  the 
ventral  part  of  the  brain ;  in  other  species 
it  was  left  in  the  myodom  in  the  floor  of 
the  brain  case.  The  pituitary  was  re- 
moved with  the  aid  of  forceps.  In  large- 
scale  collections,  9  men  could  collect 
about  1,000  pituitaries  per  hour.  There 
are  some  species  of  fish,  such  as  gar  j 
(Lepisosteus)  and  gizzard  shad  (Doroso- 
ma),  whose  pituitaries  are  so  difficult  to 


remove  that  collection  is  hardly  worth- 
while. The  pituitaries  of  the  gar  had  to 
be  exposed  by  use  of  a  bandsaw  because 
of  the  ganoid  scales,  and  the  pituitaries 
of  the  shad  are  extremely  delicate. 

The  donor  fish  (those  from  which  the 
pituitaries  were  removed)  were  always 
sorted  according  to  species.  Unless  they 
were  to  be  used  for  special  experiments, 
no  attention  was  given  to  sex,  maturity,  or 
size,  although  fish  of  sufficient  size  were 
chosen  to  justify  the  effort  of  collecting 
the  pituitaries.  In  most  cases,  we  assumed 
that  the  smaller  fish  in  our  collection  would 
probably  reproduce  during  the  next 
spawning  season. 

Since  the  pituitary  gonadotropins  are 
proteins  subject  to  enzymatic  deteriora- 
tion, it  is  logical  to  assume  that  pituitaries 
frozen  or  placed  in  acetone  promptly  after 
removal  will  produce  better  gonadotropic 
activity.  Some  pituitaries  were  placed  in 
vials  in  the  field  and  immediately  frozen  in 
insulated  cans  of  dry  ice.  These  were  later 
f reeze-dried  in  the  laboratory.  If  acetone 
was  used,  the  pituitaries  were  dehydrated 
in  four  changes  of  cold  acetone  12  hours 
apart.  Drying-vials  should  be  kept  full 
of  acetone  so  that  moisture  from  the  air 
will  not  condense  on  the  inside  walls  of  the 
vials  and  dilute  the  acetone.  For  the  same 
reason,  the  acetone  of  the  last  change 
should  be  allowed  to  warm  to  room  tem- 
perature before  it  is  removed  and  the 
pituitaries  allowed  to  air-dry. 

Pituitaries  preserved  by  either  method 
should  be  stored  in  a  dry  atmosphere,  pref- 
erably in  a  dessicator  charged  with  cal- 
cium chloride  or  other  drying  agent.  If 
the  pituitaries  are  to  be  used  promptly  or 
if  the  humidity  is  low,  tightly  stoppered 
vials  can  serve  as  temporary  containers. 
We  have  found  that  pituitaries  treated  in 
this  manner  are  potent  after  2  years  (our 
longest  data  period),  but  Ilasler,  Meyer, 
and  Wisby  (1950)  reported  that  acetone- 
dried  car])  pituitaries  stored  and  preserved 
in  this  way  were  active  after  10  years. 


Dry  pituitaries  were  finely  ground  and 
injected  into  the  body  cavity  as  a  suspen- 
sion in  distilled  water  (other  diluents,  such 
as  physiological  saline  or  isotonic  salt  solu- 
tion, theoretically  should  be  less  harmful 
to  the  tissues,  but  distilled  water  combined 
with  dried  pituitaries  gave  acceptable  re- 
sults and  appeared  to  be  relatively  harm- 
less to  the  fish).  Fresh  pituitaries  were 
injected  by  placing  the  gland  in  the  socket 
of  the  needle  and  forcing  it  through  the 
needle  stem  with  distilled  water.  The  site 
of  injection  was  usually  at  the  axil  of  the 
pelvic  fin.  Intramuscular  injections  were 
also  given,  but  the  body-cavity  injection 
was  more  satisfactory.  Intramuscular  in- 
jections are  more  convenient  when  the  fish 
are  so  large  that  it  is  cumbersome  to  re- 
move them  from  the  tank,  but  such  injec- 
tions are  more  likely  to  produce  lesions 
that  damage  the  fish.  When  injected  in- 
traperitoneally  the  diluent  volume  can  be 
larger  and  less  critical,  and  injections  can 
be  more  easily  and  quickly  administered. 

Other  carriers  as  well  as  distilled  water 
were  tested.  They  were  mixed  with  whole, 
ground,  acetone-dried  pituitaries  and  in- 
jected at  "full-dose''  (0.7  milligram)  and 
"half-dose''  (0.4  milligram)  levels.  One 
of  these,  cholesterol,  was  mixed  with 
ground  pituitaries  to  give  a  ratio  of  300 :  7 
at  the  "full-dose"  level  and  300:4  at  the 
"half-dose"  level.  This  mixture  was  com- 
pacted into  cylindrical  pellets  which  were 
injected  with  a  caponizing  needle  into  the 
body  cavity  of  the  fish.  Similar  dosages 
of  pituitary  materials  containing  1  milli- 
liter of  distilled  water  or  of  sesame  oil 
were  injected  into  the  body  cavities  of 
other  fish.  In  this  experiment  female 
goldfish  were  divided  into  groups  of  four 
and  injected  as  listed  in  table  1. 

The  cholesterol  and  sesame  oil  were  used 
to  reduce  the  rate  of  absorption  and  to 
make  absorption  more  uniform  over  a 
longer  period  of  time.  It  appeared  that 
the  absorption  rates  were  changed,  but  the 


change  was  not  advantageous  to  our  pres- 
ent problem  of  spawning  ripe  fish. 

Pickford  and  Atz  (1957)  reviewed  the 
use  of  glycerine  extracts  of  pituitaries  and 
pointed  out  the  reported  possible  advan- 
tages of  greater  gonadotropin  recovery, 
slower  absorption,  and  ease  of  storage  in 
sealed  vials  at  room  temperature.  We 
wish  to  add  that  injections  of  glycerine 
extracts  are  easier  to  administer  than 
aqueous  suspensions  of  pituitaries,  but  the 
preparation  of  these  extracts  is  tedious. 
De  Menezes,  Fontenele,  and  Comacho 
(1945)  injected  small  volumes  (0.5)  milli- 
liter) of  glycerine  extract  which  contained 
as  high  as  66  percent  glycerine.  The  use 
of  this  high  percentage  of  glycerine 
theoretically  is  biologically  inconsistent 
with  the  osmotic  properties  of  the  body 
cavity.  Since  the  volume  of  aqueous  sus- 
pensions most  often  used  in  our  experi- 
ments was  about  1  milliliter,  we  injected 
goldfish  (Carassius  aura  his)  with  this 
volume  of  water  with  the  following  per- 
centages of  glycerine:  1,  2.5,  5,  10,  20,  30, 
40,  50,  60,  and  70.  Each  injection  con- 
tained 10,000  units  of  penicillin,  but  con- 
tained no  gonadotropin.  All  fish  that  re- 
ceived injections  of  10  percent  or  less 
glycerine  suffered  no  harmful  effects  after 
3  days  at  60°  F.,  while  fish  that  received 
injections  containing  more  than  10  per- 
cent glycerine  shoAved  excessive  fluid  in 
the  body  cavity,  peritoneal  inflammation, 
and  enlarged  hemorrhagic  areas  at  the 
point  of  injection.  On  this  basis,  we  de- 
cided to  keep  the  glycerine  content  below 
10  percent  whenever  possible,  even  though 
another  experiment  (table  2)  indicated 
that  small  volumes  of  higher  percentages 
of  glycerine  were  suitable. 

In  a  limited  experiment  with  goldfish, 
injections  of  equivalent  amounts  of  ace- 
tone-dried carp  pituitary  as  aqueous  sus- 
pensions and  as  glycerine  extract  (table  2) 
showed  little  difference  in  effectiveness. 

Another  experiment  with  channel  cat- 
fish  (Ictalurus  punctatus)   indicated   (so 


Table  1. — Female  goldfish  (Carassius  auratus) 
ovulated  with,  dried  pituitary  in  various  car- 
riers 


Carrier 

Dose 

Number 
injected 

Number 
ovulated 

Distilled  water . 

Full      

4 
4 
4 
4 
4 
4 

4 

Do  

Half 

4 

Cholesterol 

Full 

4 
4 

Do  . 

Half 

Full 

1 

Do 

Half 

1 

Table  2. — Comparison  of  effect  of  injections  of 
aqueous  suspensions  of  pituitaries  and  gly- 
cerine extract  in  female  goldfish  (Carassius 
auratus)    at  water  temperature  of  60°  F. 


Ratio  of  ovulating  females  to 

Dosage  level 

Volume  of 

number  injected 

(equivalent  acetone- 

injections 

(milli- 

dried carp 

pituitaries) 

liters) 

Aqueous 

75-percent 

84-percent 

suspension 

glycerin* 
extract 

glycerine 
extract 

0.0  milligrams  ' 

1.0 

0:3 

0:3 

0:3 

0.2  milligrams 

0.1 

1:3 

3:3 

1:3 

0.5  milligrams 

0.25 

3:3 

3:3 

2:3 

1.0  milligrams 

0.5 

3:3 

2:3 

0:3 

1.5  milligrams 

0.75 

2:3 

2:3 

1:3 

3.0  milligrams 

1.5 

3:3 

M:l 

0:3 

i  Control. 


2  2  died. 


far  as  the  effectiveness  or  the  quantity  of 
the  pituitary  used  for  injection  is  con- 
cerned) that  glycerine  extract  was  less 
effective  than  aqueous  suspensions  since 
only  1  female  in  19  spawned.  However,  we 
feel  that  such  a  conclusion  is  unwarranted 
on  the  basis  of  this  one  experiment.  The 
fish  in  the  experiment  had  been  starved  for 
oxygen  while  being  transported  2  days 
before  use  and  had  been  both  temperature- 
shocked  and  briefly  oxygen-starved  on  the 
day  the  experiment  began.  After  the  end 
of  the  glycerine-extract  experiments,  nine 
fish  which  had  received  the  glycerine  in- 
jections were  spawned  by  the  injection  of 
other  gonadotropins  (fish  pituitary  or 
human  chorionic  gonadotropin),  but  one 
might  postulate  that  they  had  recovered 
from  the  shock,  since  the  time  of  final 
spawning  was  several  days  later. 

Crystalline  penicillin  at  the  rate  of  10,- 
000  units  per  injection  was  found  to  be  an 
inexpensive  and  effective  measure  to  com- 
bat inflammatory  lesions  in  the  body  cavity 
due  to  irritation  from  the  foreign  proteins. 


Although  thousands  of  goldfish  and  the 
majority  of  experimental  fish  used  in  these 
studies  usually  spawned  or  ovulated  after 
a  single  injection  of  pituitary  materials 
without  penicillin,  it  appeared  later  that 
in  such  fishes  as  the  channel  and  flathead 
catfish  penicillin  acted  to  minimize  the  in- 
flammation which  resulted  from  the  mul- 
tiple injections  of  pituitary  materials 
necessary  to  spawn  these  species.  Our 
opinion  was  based  on  the  difference  be- 
tween results  we  obtained  before  the 
routine  use  of  penicillin  and  those  we  ob- 
tained at  a  later  time  with  its  use.  No 
good,  controlled  experiments  were  con- 
ducted. In  the  original  experiment  that 
heralded  this  practice,  goldfish  received 
from  5,000  to  100,000  units  of  crystalline 
penicillin  per  dose  for  five  injections  over 
a  9-day  period.  Ground  pituitaries  were 
added  to  the  injection  on  the  9th  day,  and 
the  fish  spawned  on  the  10th  day  in  the 
manner  expected.  Now  we  recommend  the 
injection  of  penicillin  for  all  species  as  a 
precautionary  measure.  The  penicillin  is 
dissolved  in  distilled  water,  which  is  then 
added  to  the  ground  pituitaries.  Dr.  S.  F. 
Snieszko  recently  suggested  that  chloram- 
phenicol might  be  more  effective  for  this 
purpose  since  it  might  also  prevent  gram 
negative  bacterial  infections,  whereas 
penicillin  is  active  against  gram  positive 
bacteria  which  do  not  often  infect  fish. 
The  suggested  dosage  was  5  milligrams 
per  100  grams  of  body  weight  of  the 
recipient. 

Determination  of  active  pituitaries 

In  our  studies  of  inducing  fish  to  spawn, 
it  was  desirable  to  learn  the  activity  and 
relative  potency  of  pituitaries  collected 
throughout  the  year  from  various  species 
of  fish  and  from  various  types  of  in- 
dividuals within  the  species,  especially  in 
regard  to  sex,  maturity,  and  size.  For 
these  tests,  bioassay  was  the  only  available 
means  of  evaluation.  A  test  fish  was 
needed,  and  the  factors  that  determined 


its  selection  were  as  follows :  ( 1 )  It  should 
be  readily  available  and  easily  kept  in  the 
laboratory.  (2)  It  should  respond  pre- 
dictably and  uniformly  to  the  injection  of 
pituitary  materials.  (3)  The  nature  of  its 
response  should  lend  itself  to  an  objective 
rather  than  a  subjective  evaluation;  for 
example,  the  ovulation  and  extrusion  of 
eggs  was  used  rather  than  visible  increases 
in  the  weight  of  the  gonad  of  the  living 
fish.  (4)  Preferably,  it  should  be  an 
oviparous  species  of  fish  which  spawns 
intermittently  throughout  the  year. 

There  are  several  fishes  that  fulfill  these 
requirements,  and  the  selection  of  a  test 
fish  may  vary  with  the  prevailing  circum- 
stances. We  have  used  female  goldfish 
extensively  during  the  normal  spawning 
season  (March- June)  since  they  are  more 
responsive  at  this  time,  and  tests  can  be 
conducted  with  greater  ease.  Zebra  fish 
(Brachydanio  rerio),  despite  their  small 
size,  are  good  test  fish  because  gravid  fe- 
males can  be  obtained  anytime  during  the 
year;  and  since  they  respond  to  low 
dosages  their  use  results  in  economy  of 
pituitary  materials.  When  female  fish  are 
employed,  a  positive  test  is  obtained  when 
the  injection  of  pituitary  material  induces 
ovulation  or  precipitation  of  the  spawning 
act. 

We  have  also  used  male  green  sunfish 
(Lepomis  cyanellus),  carp  (Cyprinus 
car  pi  o),  and  goldfish  (Oarassius  auratus) 
when  ripe  female  fish  were  not  available. 
Generally,  these  tests  were  not  during  the 
spawning  season.  Milt  can  be  readily 
stripped  from  most  males. injected  with 
pituitary  material.  The  amount  of  the 
spermatic  fluid  will  increase  and  will  be 
less  viscous.  The  response  is  particularly 
evident  in  out-of -season  fish  of  species  in 
which  spermatogenesis  is  well  advanced  by 
late  summer  or  early  fall.  For  example,  in 
midwinter  the  semen  of  carp  (in  which 
the  spermatozoa  are  normally  closely 
packed  in  the  viscous  seminal  plasma)  be- 
comes very  fluid  and  will  actually  drain 
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from  the  fish  about  20  hours  after  injec- 
tion (Sneed  and  Clemens,  1956).  A  male 
which  yielded  about  0.1  milliliter  of  milt 
before  injection  produced  about  10  milli- 
liters after  receiving  a  pituitary  injection. 

A  similar  response  has  been  observed 
in  the  white  crappie  (Pomoxis  annularis), 
white  bass  (Roccus  chrysops),  largemouth 
bass  (Micropterus  salmoides),  goldfish 
(Carassius  auratus),  and  golden  shiner 
(Notemigonus  crysoleucos).  The  increase 
of  the  fluidity  of  the  milt  after  injection 
of  pituitary  has  been  observed  in  several 
other  species  of  fish  (Ihering  and  de 
Azevedo,  1934).  Ihering  (1935)  used  the 
length  of  time  that  the  spermatozoa  re- 
mained active  when  put  into  water  as  a 
measure  of  their  maturity,  and  reported 
that  pituitary  injections  into  the  donor 
male  increased  longevity  of  the  sperm. 
We  have  not  studied  this  effect,  although 
we  have  observed  changes  in  the  osmotic 
pressure  of  the  seminal  plasma  in  carp 
which  corresponded  to  the  changes  of 
fluidity  (Sneed  and  Clemens,  1956).  We 
feel  that  here  is  a  potential  method  of 
measuring  the  relative  activity  of  gonado- 
tropins— the  strength  of  the  gonadotropin 
being  equal  to  the  difference  in  osmotic 
pressure  of  the  seminal  plasma  before  and 
after  injection.  For  instance,  carp  sperm 
was  immobilized  with  85-percent  Ringer 
solution  (15  percent  less  water)  while  a 
75-percent  solution  (more  concentrated 
salts  and  higher  osmotic  pressure)  was 
necessary  for  the  inactivation  of  the  sperm 
15  hours  after  the  fish  had  received  one 
carp  pituitary. 

As  the  spawning  season  approached  and 
the  fluidity  of  the  milt  normally  increased, 
the  osmotic  pressure  of  the  seminal  plasma 
increased — at  least  it  required  a  solution 
of  a  higher  salt  concentration  than  it  did 
earlier  to  maintain  the  sperm  in  an  im- 
motile  state,  Male  zebra  fish  have  not  been 
used  in  this  way,  because  the  increase  of 
milt  is  difficult  to  observe  with  the  unaided 
eye.     The   morphology  of  the   testes  of 


channel  catfish  or  of  other  ictalurids  does 
not  permit  the  use  of  hand-stripping 
methods;  therefore  the  male  of  these 
species  is  not  a  potential  test  fish. 

When  the  kind  of  fish  and  the  type  of 
test  to  be  conducted  has  been  determined, 
the  individuals  for  the  experiment  must  be 
selected.  The  selection  of  fish  is  discussed 
in  the  second  part  of  this  report, 

Determination   of  dosages 

When  the  experimental  fish  have  been 
properly  selected,  suitable  spawning  facili- 
ties provided,  and  pituitaries  of  known 
activity  secured,  the  determination  of  dos- 
ages may  require  a  great  deal  of  experi- 
mentation if  the  recipient  species  has 
never  been  spawned  before.  The  major 
problems  involved  are:  (1)  How  many 
milligrams  of  acetone-dr^ed  pituitary  are 
required  to  precipitate  spawning?  (2) 
How  many  injections  are  required?  (3) 
What  is  the  optimum  time  interval  be- 
tween each  injection? 

If  the  species  has  not  been  spawned  be- 
fore, lots  of  three  or  more  fish  should  be 
injected  each  24  hours  with  a  fairly  wide 
range  of  pituitary  dosages  until  spawning 
occurs.  In  our  experiences  only  the  fe- 
males need,  to  be  injected  during  the 
spawning  season.  If  there  is  any  reason  to 
doubt  whether  the  male  will  spawn,  per- 
haps he  should  be  injected;  however,  the 
necessity  for  such  injections  has  not  been 
positively  established  for  any  species  with 
which  we  have  worked. 

If  the  species  has  been  spawned  pre- 
viously, the  above  questions  have  been 
partially  answered.  It  is  then  a  matter  of 
matching  the  dose  to  the  physiological 
condition  of  the  recipients  by  administer- 
ing doses  in  a  graded,  series  from  above 
to  below  those  recommended  in  this  paper 
or  those  in  other  publications  for  other 
species  of  fish. 

These  pilot  experiments  will  indicate 
the  lowest  dosage  that  will  spawn  the  max- 
imum number  of  fish  with  the  minimum 


number  of  injections.  Such  a  dosage 
should  be  determined  for  each  lot  of  fish. 
It  usually  saves  time  and  labor  to  admin- 
ister doses  slightly  above  the  minimum  re- 
quired for  spawning,  rather  than  to  risk 
failure  with  subminimal  doses.  Once  a 
threshold  dosage  has  been  reached,  no 
matter  how  much  the  dosage  is  increased, 
the  results  do  not  seem  to  change  (table  3) . 

Phylogenetic   specificity 

One  of  the  first  questions  to  arise  in  the 
artificial  spawning  of  any  species  of  fish  is 
what  kind  of  pituitaries  should  be  used  for 
injection.  In  our  experiments  the  goldfish 
has  responded  to  injections  of  pituitaries 
from  the  following  15  species  of  fish  repre- 
senting seven  families:  Goldfish  (Caras- 
sius  auratus) ,  carp  (Cyprinus  carpio) ,  big- 
mouth  buffalo  (Ictiobus  cyprinelhts) , 
smallmouth  buffalo  (/.  bubalus) ,  black 
buffalo  (/.  niger),  blue  sucker  (Cycleptus 
elongatus) ,  gizzard  shad  (Dorosoma  cepe- 
dianum),  channel  catfish  (Ictahirus 
punctatus),  blue  catfish  (/.  furcatus) ,  flat- 
head  catfish  {Pylodictis  olivaris),  black 
bullhead  (Ictaluims  melas),  spotted  gar 
(Lepisosteus  productus),  and  extracted 
chum  salmon  (Oncorhynchus  keta)  pitui- 
tary (table  4) .  Low  activity  was  obtained 
from  the  pituitaries  of  freshwater  drum 
(Aplodinotus  grunniens)  and  river  carp- 
sucker  (Carpiodes  carpio). 

A  series  of  experiments  was  conducted 
to  determine  whether  such  factors  as  the 
method  of  preservation  of  the  pituitaries, 
the  place  of  collection,  the  size  of  the 
donor  fish,  the  amount  of  light  to  which 
the  fish  had  been  exposed,  inhibiting  ma- 
terials in  the  pituitary,  and  the  dosage 
level  are  responsible  for  the  low  activity 
of  carpsucker  pituitaries.  Acetone-dried 
and  lypholyzed  pituitaries,  pituitaries 
from  fish  from  Lake  Texoma  and  Fort 
Gibson  Reservoir,  pituitaries  collected 
from  December  to  April,  and  pituitaries 
from  fish  kept  in  the  light  and  in  the  dark 
for  a  period  of  3  weeks,  all  gave  negative 


Table  3. — Response  of  different  lots  of  goldfish 
(Carassius  auratus)   to  pituitary  dosages 


Dosage 

Number 
injected 

Number 
ovulated 

Buffalo  (Ictiobus  spp.)  pituitaries,  Feb.  19, 
1957,  at  72°  F.: 
0 

2 
4 
4 
4 

4 
4 
4 
3 
4 
4 
4 
4 

4 
16 
16 
32 

3 
3 
3 
3 
3 
3 

0 
1 

H  pituitary . .     

^pituitary _  .  .  

3 

1  pituitary..  .  .  _     . 

3 

Buffalo  (Ictiobus  spp.)  pituitaries,  March 
6,  1957,  at  72°  F.: 
0 

o 

0.2  milligram 

1 

0.3  milligram. .  .     ..  . 

2 

0.9  milligram 

o 

1.7  milligrams 

3 

3.3  milligrams..  ........ 

3 

4.9  milligrams.  _  . 

3 

6.3  milligrams ...  .  ..  ... 

3 

Carp  (Cyprinus  carpio)  pituitaries,  March 
18,  1957,  at  72°  F.: 
0 

o 

0.5  milligram 

4 

1.0  milligram ..  . 

9 

1.5  milligrams.. __ 

21 

Carp  (Cyprinus  carpio)  pituitaries,  April 
7,  1958,  at  60°  to  62°  F.: 
0 

0 

0.2  milligram . 

1 

0.5  milligram...  .     . 

3 

1.0  millieram..  .      . 

3 

1.5  milligrams.               .     ... 

3 

3.0  milligrams. ..     .     . 

3 

results  when  injected  into  goldfish  that 
were  known  to  be  responsive  to  injections 
of  a  similar  size  of  pituitaries  from  other 
kinds  of  fish. 

Carpsucker  pituitaries  are  relatively 
small.  The  average  weight  of  the  thou- 
sands we  collected  and  freeze- dried  was  1 
milligram,  and  these  were  collected  from 
fish  10  to  15  inches  long.  When  large  dos- 
ages of  either  aqueous  suspensions  or  acid- 
acetone  extracts  were  injected,  some  activ- 
ity was  observed.  Only  25  percent  suc- 
cessful ovulations  were  produced  in  one 
experiment  in  which  3,  6,  and  9  milligrams 
(4  to  10  glands)  of  carpsucker  pituitary 
were  injected  in  each  fish  of  three  groups 
of  four  goldfish.  Another  experiment  in 
which  acetone-dried  pituitaries  from  carp- 
suckers  were  injected  whole  and  without 
water  by  use  of  a  pellet  injector  indicated 
that  extremely  high  dosages  were  required 
to  ovulate  female  goldfish.  Four  females 
received  injections  at  each  dosage  level. 
No  female  ovulated  at  dosages  of  1  milli- 
gram (1  gland)  ;  one  ovulated  with  a  dos- 
age of  5.1  milligrams  (5  glands),  one  with 
10.2  milligrams  (10  glands),  two  with  23 


Table  4. 


■Responses  of  12  species  of  fish  to  pituitaries  from  donors  of  various  taxonomic 

relationships 


Recipient,  species 

Donor  species 

s 

ft 

1 

s 

'3 
ft 

a 

M 

c3 

o 

Pi 

3 

I 

3 

1 

"3 

a 

o 

c3 

"3 

B 

o 

!- 
0) 

Remarks 

Goldfish  (Carassius   an- 

Goldfish  (Carassius auratus)..- 
Carp  (Cyprinus  carpio 

Bigmouth     buffalo     (Ictiobus 

X 

"x" 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 
X 

X 

"x" 

X 
X 
X 

X 

X 

X 

X 

X 

X 

X 
X 

X 
X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 
X 

X 
X 

X 

X 

X 
X 

X 
X 
X 

X 

X 
X 

"x" 

Do       

Responded  to  both  acetone-dried 

Do             

pituitaries  and  acid-acetone  ex- 
tract   (Robertson    and    Rinfret, 
1957). 

Do      

Spotted  gar  (Lepisosteus  pro- 

Do     

Flathead    catfish     (Pylodictis 

Do 

Channel     catfish      (Ictalurus 

Do          

Blue  sucker   (Cycleptus  elon- 

gatus). 
Gizzard  shad  (Dorosoma  cepe- 

dianum). 
Black     bullhead      (Ictalurus 

melas). 
Blue    catfish    (Ictalurus  fur- 

catus). 
Smallmouth  buffalo  (Ictiobus 

bubalus). 
Black  buffalo  (Ictiobus  niger).. 
Chum  salmon  (Oncorhynchus 

keta). 

Freshwater  drum   (Aplodino- 
tus  grunniens). 

River  carpsucker    (Carpiodes 
carpio). 

Carp  (Cyprinus  carpio) 

— - 

Do    

Do 

Do 

Do 

Cholesterol    pellets   of   Robertson- 

Do 

Rinfret     extractions;     furnished 
by  Roger  Burrows. 
May  have  been  too  low  in  activity 

Do 

X 
X 

for  response  at  dosages  admin- 
istered. 
Some    activitv    at   higher    dosage 

Carp  (Cyprinus  carpio) ... 
Do 

.... 

X 

— - 

X 

— - 

levels;  positive  with  Robertson- 
Rinfret  extractions. 
Acetone-dried  pituitaries,  extracts, 
and  fresh  pituitaries. 

Do 

Channel     catfish     (Ictalurus 
punctatus) . 

Do 

Golden   shiner    (Notemi- 
qonus  crysoleucas). 

Carp  (Cyprinus  carpio) 

Carp  (Cyprinus  carpio) 

— 

X 
X 
X 
X 
X 
X 
X 

"x 

X 
X 
X 
X 
X 
X 
X 

X 

X 

~x~ 

X 
X 
X 
X 
X 
X 

X 

X 

x" 

X 

X 
X 
X 

annularis). 
Do 

Chum  salmon  (Oncorhynchus 
keta). 

.... 

Cholesterol      pellets      containing 

Robertson-Rinfret  extract. 

sops). 
Zebra  fish   (Brachydanio 
rerio). 
Do 

Buffalo  (Ictiobus  sp.) 

River  carpsucker    (Carpiodes 
carpio) . 

Dosage  level  high. 

Do 

Channel    catfish     (Icta- 

Channel     catfish     ( Ictalurus 
punctatus) . 

lurus  punctatus). 
Do 

X 

Do 

Freshwater  drum  (Aplodino- 

tus  grunniens). 
River  carpsucker   (Carpiodes 

carpio). 

Do 

Do 

X 
X 
X 

X 

X 

X 

X 

X 
X 

X 

X 
X 
X 

X 

X 

X 

X 

X 
X 

"x" 
x 

X 

X 
X 

X 

X 
X 

X 
X 

X 

x" 

X 

X 

X 

X 

X 
X 

x" 

X 

Do 

Do 

Flathead    catfish     (Pylodictis 

olivaris) . 
Buffalo  (Icitiobus  sp.) 

— - 

Rock  bass   (Ambloplites 

rupestris) . 
Emerald  shiner  (Notropis 

atherinoides) . 
Mimic   shiner    (Notropis 

Buffalo  (Ictiobus  sp.)     . 

volucellus). 
Redfin  shiner   (Notropis 

Buffalo  (Ictiobus  sp.)     . 

umbratilis). 
Flathead    catfish    (Pylo- 
dictis  olivaris) . 
Do 

Flathead    catfish     (Pylodictis 
olivaris) . 

Buffalo  (Ictiobus  sp.) 

Carp  (Cyprinus  car pio) 

X 

Do 

milligrams  (20  glands),  four  with  36.2 
to  46.6  milligrams  (40  glands),  two  with 
54.7  to  70.2  milligrams  (60  glands),  and 
three  with  78.2  to  98.1  milligrams  (80 
glands) . 

In  almost  all  of  the  negative  instances 
when  9  or  more  milligrams  were  injected, 
blood  exuded  from  the  oviduct  when  hand- 
stripping  was  attempted.  This  response 
suggested  an  overdose  for  those  fish;  but 
since  the  eggs  in  the  fish  that  did  ovulate 
appeared  normal  and  no  blood  was  seen, 
it  cannot  be  implied  that  the  amount  of 
pituitary  injected  in  the  instances  of  nega- 
tive response  constituted  a  pharmacologi- 
cal overdose,  but  rather  a  physiological 
one. 

Several  species  of  fish  were  spawned 
with  whatever  kind  of  pituitaries  were 
available  (table  4).  Phylogenetic  speci- 
ficity does  not  appear  to  be  significant  in 
fish-cultural  practices  (Pickford  and  Atz, 
1957),  and  our  experience  bears  out  this 
viewpoint.  Twenty-nine  interspecific  and 
intergeneric  injections  and  25  interf amilial 
injections  were  successful.  Only  seven 
leteroplastic  injections  failed  to  induce 
ovulation  or  exhibited  low  activity.  Four 
of  the  seven  failures  involved  the  use  of 
carpsucker  and  drum  pituitaries  at  regular 
dosage  levels,  while  the  other  three  were 
unsuccessful  attempts  to  spawn  carp  with 
leteroplastic  pituitaries.  However,  carp 
were  successfully  spawned  by  other  work- 
's who  used  heteroplastic  implants  (see 
Pickford  and  Atz,  1957). 

Kazanskii  (reviewed  by  Pickford  and 
Aiz,  1957)  implied  that  the  carp,  Cyprinus 
mrpio,  was  in  effect  a  universal  donor.  In 
fir  work,  carp  pituitaries  successfully 
spawned  nine  species  of  fish.  There  may 
>e  other  species  of  donor  fish  with  equally 
ictive  pituitaries,  for  instance,  buffalo. 
However,  carp  pituitaries  are  usually  more 
ivailable,  and  their  more  extensive  use  has 
Id  workers  to  regard  them  as  superior, 
tickford  and  Atz  (1957)  state  that  the 
vork  with  fish  provides  clear  indications. 


but  no  proof,  of  specificity.  Our  present 
studies  indicate  that  there  was  little  spec- 
ificity between  families  and  lower  tax- 
onomic  categories.  At  least,  the  differ- 
ences were  so  slight  that  they  have  no 
practical  importance  in  fish-cultural  tech- 
niques. However,  an  explanation  is  cer- 
tainly needed  for  the  lower  activity  of 
carpsucker  and  drum  pituitaries.  It  may 
be  that  the  carpsucker  pituitaries  were 
taken  largely  from  immature  fish.  Drum 
pituitaries  have  not  been  tried  in  enough 
experiments  to  make  a  definite  conclusion, 
although  we  have  used  them  a  dozen  times 
or  more. 

Gonadotropic  activity  in  relation  to  season 

It  is  important  to  be  relatively  certain 
that  the  pituitaries  collected  for  the  pur- 
pose of  injection  are  active,  as  injections 
with  inactive  materials  would  waste  valu- 
able time  and  perhaps  fish.  We  attempted 
to  devise  experiments  that  would  deter- 
mine the  seasonal  activity  of  the  pitui- 
taries of  several  species  of  fishes,  but  our 
supply  of  pituitaries  was  not  always 
sufficiently  large  to  provide  materials  for 
the  basic  experiments  of  inducing  spawn- 
ing in  channel  catfish  as  well  as  for  com- 
parative tests  of  materials  collected  in 
different  months.  The  limited  significant 
data  on  seasonal  activity  that  we  obtained 
are  presented  in  table  5.  These  data  rep- 
resent successful  attempts  to  induce  ovula- 
tion or  spawning  of  several  species  and 
indicate  thai  the  pituitaries  were  active  in 
each  of  the  months  listed.  We  have  no 
data  which  indicate  that  the  pituitaries  of 
any  species  are  inacl  ive  during  any  month 
in  which  we  made  collections.  The  pitui- 
taries of  the  carp  proved  to  be  active  in 
at  least  9  months  of  the  year  (we  did  not 
test  carp  pituitaries  collected  in  May, 
August,  or  September)  ;  those  of  buffalo 
(Ictiobus  spp.)  were  active  in  8  months, 
including  May  and  August  (table  5).  No 
seasonal  difference  in  pituitary  activity 
was  discernible  from  the  injections  which 


Table  5. Activity  of  pituitaries  collected  in  different  months  from  eight  donor  species 

[X  indicates  that  spawning  was  induced  when  the  pituitaries  were  injected  in  any  of  several  test  species] 


Species 

Donor  fish  collected  in— 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

X 
X 
X 
X 

X 
X 
X 

X 

X 

------ 

X 

X 
X 

X 
X 

X 
X 

X 

X 

X 

River  carpsucker  '  (Carpiodes  carpio)—. 
Flathead  catfish  (Pi/lodictis  olivaris) 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 

X 

X 

Pituitaries  of  this  species  only  slightly  active. 


we  made  to  induce  spawning.  This  fact 
does  not  necessarily  indicate  that  seasonal 
differences  do  not  exist.  We  believe  that 
our  experiments  were  not  sufficiently  sensi- 
tive to  indicate  variability  in  pituitary  ac- 
tivity from  month  to  month  that  could  not 
be  explained  equally  well  on  the  basis  of 
inconsistencies  in  the  bioassay  method 
and/or  the  individual  physiological  vari- 
ability of  the  recipient  species. 

On  the  basis  of  the  information  now 
available  on  fish  gonadotropins,  the  bio- 
logical assumption  may  be  made  that  there 
is  a  seasonal  difference  in  the  amount  of 
hormones  in  the  blood  or  in  the  amount 
utilized  by  the  target  organ.  This  as- 
sumption does  not  necessarily  include  a 
difference  in  the  concentration  of  gonado- 
tropins in  the  pituitary  itself.  Gerbil'skii 
(reviewed  by  Pickford  and  Atz,  1957)  gen- 
erally concluded  "that  the  presence — and 
therefore  presumably  the  production — of 
fish  gonadotropin  is  low  only  for  a  period 
of  varying  length  following  spawning." 
He  believed  that  the  gonadotropic  content 
of  pituitaries  from  fish  that  spawned  in 
the  spring  remained  relatively  low  into 
October.  However,  his  data  are  not  con- 
clusive, and  as  we  have  pointed  out  many 
times,  the  bioassay  method  is  inconsistent, 
and  often  the  recipients  may  vary  physio- 
iogically  more  than  the  pituitaries  vary  in 
gonadotropic  content.  Unlike  Brazilian 
practices  of  collecting  glands  from  only 
ripe  or,  ripening  fish,  we  recommend  the 

10 


collection  of  pituitaries  from  mature  fish 
during  any  month  of  the  year  at  the  con- 
venience of  the  worker. 

Gonadotropic  activity  in  relation  to  sex  of 
donor 

Pickford  and  Atz  (1957)  reviewed  the 
literature  on  differences  in  gonadotropic 
content  of  the  pituitary  of  males  and  fe- 
males. They  stated  that  although  fish- 
culturists  use  the  glands  of  either  sex  in- 
discriminately, they  can  no  longer  assume 
that  the  gonadotropic  content  of  male  and 
female  pituitaries  is  the  same.  They  cited 
the  work  of  Barannikova  (1949)  which 
showed  that  pituitaries  of  male  sevringa 
(Acipenser  stellatus)  when  tested  in  Mis- 
gumus  fossilis  were  at  times  only  half  as 
potent  as  those  from  females.  With  the 
donors  and  recipients  used  in  our  work 
and  in  large-scale  operations  in  fish  cul- 
ture, we  have  found  nothing  to  be  gained 
from  separating  the  pituitaries  of  the  two 
sexes.  In  practical  application,  when 
fully  ripe  fish  are  used,  selected  dosage 
levels  are  usually  more  than  minimal,  since 
there  is  no  apparent  harm  to  the  fish  orj 
the  spawn  with  moderate  overdoses. 
Slight  overdoses  tend  to  offset  individual 
differences  in  both  the  pituitaries  and  the 
recipient  fish.  Such  differences  in  activ-- 
ity  due  to  sex  or  other  variables  are  fur- 
ther minimized  by  grinding  together  pitui- 
taries of  various  collections  and  injecting 
known  quantities  of  the  ground  mixture. 


Table  6. — Response  of  female  goldfish   (Carassius  auratus)  injected  with  whole  or  with  parts  of 

transected  buffalo   (Ictiobus  sp.)  pituitaries 

Kind  of  pituitary 
injection 

Weight  of 
pituitary 
injected 
(milli- 
grams) 

Number  of 

injected 

fish 

Number  of 

ovulating 

fish 

Part  of  pituitary 
injected 

Weight  of 
pituitary 
(milli- 
grams) 
before 
transection 

Number  of 

injected 

fish 

Number  of 

ovulating 

fish 

Whole 

6.3 
4.9 
3.3 
1.7 
0.8 
0.4 
0.3 
0 

4 
4 
4 
4 
4 
4 
4 
4 

2 
3 
3 
3 
0 
2 
1 
0 

Anterior 

1.6 

4 
4 
4 
4 
4 
4 

3 

Whole 

Posterior 

0 

Whole 

Anterior 

1.5 

3 

Whole 

Posterior 

0 

Whole 

Anterior . 

3.1 

i  2 

Whole 

Posterior 

1 

The  negative  fish  in  this  group  were  considered  poorly  developed  at  the  time  the  experiment  began 


Site  of  gonadotropic  activity  in  the  pituitary 

In  order  to  determine  which  part  of  the 
pituitary  contained  the  active  gonadotro- 
pins, an  experiment  was  designed  which 
(1)  determined  a  dosage  of  whole  buffalo 
pituitary  (about  1.7  milligrams  per  fish, 
table  6)  necessary  to  induce  ovulation  in 
at  least  three  of  four  goldfish  (this  infor- 
mation was  necessary  to  assure  the  use  of 
pituitaries  of  adequate  size  in  the  second 
part  of  the  experiment)  and  (2)  tested  the 
gonadotropic  activity  of  the  anterior  and 
posterior  parts  of  three  pituitaries  of  ap- 
proximately similar  size  or  larger  by  in- 
jecting each  part  into  separate  groups  of 
four  goldfish  (table  6).  Posterior  lobe 
here  refers  to  the  meta-adenohypophysis, 
as  suggested  by  Pickford  and  Atz  (1957)  ; 
anterior  lobe  refers  to  the  remainder  of 
the  pituitary. 

In  evaluating  the  response  of  the  in- 
jected fish  approximately  15  hours  after  in- 
jection, only  those  fish  that  readily 
responded  to  hand-stripping  were  counted 
as  positive.  About  69  percent  of  the  fe- 
males responded  to  injections  of  ground 
whole  pituitaries  when  the  dosage  was  1.7 
milligrams  or  more;  71  percent  of  the  fe- 
males responded  to  injections  of  the 
anterior  lobes  of  pituitaries  weighing  1.5 
milligrams  or  more ;  no  ovulation  occurred 
in  the  eight  fish  which  received  the  pos- 
terior part  of  the  pituitary.    These  results 


of  the  effect  of  buffalo  pituitaries  on  gold- 
fish confirmed  reports  that  the  source  of 
gonadotropic  activity  is  found  in  the 
anterior  lobes  of  the  pituitary,  and  that 
the  posterior  lobe  contains  no  active 
gonadotropins.  When  the  dosage  levels 
were  doubled,  results  were  as  expected — 
positive  results  with  the  anterior  portion 
and  some  activity  with  the  posterior  por- 
tion. Eggs  were  easily  hand-stripped 
from  one  female  injected  with  posterior 
lobe.  These  results  were  probably  the  out- 
come of  the  method  of  dissection:  pieces 
of  the  anterior  lobe  were  left  on  the 
posterior  lobe  so  that  enough  anterior  lobe 
material  had  accumulated  to  be  active  in 
the  higher  injection.  Other  workers 
(Kazanskii  and  Persov,  Barannikova,  see 
Pickford  and  Atz,  1957,  for  review) 
transected  pituitaries  and  demonstrated 
that  the  anterior  portion  is  the  site  of 
gonadotropic  activity. 

Relation   between  pituitary  size  and 
gonadotropic  activity 

The  gonadotropic  activity  of  different 
sizes  of  pituitaries  (acetone  dried)  was 
indicated  by  the  percentage  of  induced 
ovulation  of  goldfish  injected  with  stand- 
ard amounts  (1.5,  1.0,  and  0.5  mg.)  of 
pituitaries  of  varying  sizes,  e.g.,  eight 
groups  of  carp  pituitaries  varying  in  size 
from  one  to  eight  per  10  milligrams  (com- 
bined weight)  and  five  groups  of  buffalo 


11 


Table  7. Gonadotropic  activity  of  various  sizes  of  carp  and  buffalo  pituitaries  as  indicated  by 

induced  ovulation  of  injected  goldfish 

[Data  based  on  fish  rated  "good"] 

CARP  PITUITARIES 


Dosage  1.5  milligrams 

Dosage  1.0  milligrams 

Dosage  0.5  milligrams 

Number  of  carp  pituitaries  per  10  milligrams 

Number 
injected 

Percent  of 
ovulation 

Number 
injected 

Percent  of 
ovulation 

Number 
injected 

Percent  of 
ovulation 

1                

2 
4 
3 

4 
2 

1 
3 

1 

100 
100 
100 
100 
100 
100 
100 
0 

3 

66.6 

2 

50 

2                                             . 

3                          

2 

0 

1 

100 

6                 .  

2 

100 

1 

0 

7 

8               

3 

100 

1 

0 

BUFFALO  PITUITARIES 


Number  of  buffalo  pituitaries 

Dosage  1.5  milligrams 

Dosage  1.1  milligrams 

Dosage  0.75  milligrams 

Dosage  0.37  milligrams 

per  6.5  milligrams 

Number 
injected 

Percent  of 
ovulation 

Number 
injected 

Percent  of 
ovulation 

Number 
injected 

Percent  of 
ovulation 

Number 
injected 

Percent  of 
ovulation 

1 

2 
3 

1 
2 
3 

50 

66.6 
100 

50 
100 

1 
1 
4 

100 
0 

75 

2 
4 
2 

50 
100 
50 

2 
2 
1 

0 

2       

100 

3 

100 

5 

6 

pituitaries  varying  from  one  to  six  per 
6.5  milligrams  (table  7). 

The  recipient  fish  for  these  experiments 
were  not  selected,  but  were  arbitrarily 
assigned  to  aquariums  and  rated  as  good, 
fair,  and  poor ;  thus  the  results  reflect  the 
condition  of  these  fish  as  well  as  the  ac- 
tivity of  the  pituitaries  of  the  donors. 
The  ratings  were  made  before  the  experi- 
ment, and  we  used  only  the  data  obtained 
from  fish  rated  "good". 

A  fish  rated  "good"  was  one  wre  believed 
to  have  a  good  possibility  of  ovulating  or 
spawning,  doubtful  fish  were  rated  "fair," 
and  "poor"  fish  in  all  probability  would 
not  ovulate  or  spawn.  At  the  dosage  of 
1.5  milligrams  per  fish  all  of  these  esti- 
mates of  condition  were  above  80  percent 
correct— 94.2  percent  correct  for  the 
"good"  ratings,  80  percent  for  "fair,"  and 
100  percent  for  "poor." 

1  i  only  the  fish  rated  "good"  were  con- 
sidered at  the  standard  dosage  level  (1.5 
milligrams)  for  any  size  of  pituitary,  then 
the  size  differences  were  not  significant 
provided  the  total  weight  of  pituitary  was 


the  same  (table  7).  Therefore,  the  ac- 
tivity per  unit  weight  did  not  vary  with 
the  size  of  carp  pituitaries  weighing  from 
1.0  to  10  milligrams,  the  gonadotropic  ac- 
tivity being  directly  proportional  to  the 
weight  of  the  pituitary.  If  there  was  a 
difference  in  hormonal  activity,  it  was  less 
than  the  differences  in  the  response  of  var- 
ious individual  fish. 

In  practice  then,  variations  in  size  of 
pituitai^es  may  account  for  differences  in 
effectiveness  of  the  injections  if  pituitaries 
are  injected  without  weighing.  It  is  sug- 
gested that  pituitaries  used  for  injections 
be  combined,  finely  ground,  thoroughly 
mixed,  and  weighed  for  injection  to  pro- 
vide more  uniform  results. 

Relation  of  pituitary  weight  to  fish  length 
and   weight 

We  have  demonstrated  that  the  size  of 
the  pituitary  in  mature  fish  is  a  general 
indicator  of  its  potential  gonadotropic  ac- 
tivity. We  also  endeavored  to  determine 
how  the  size  of  the  pituitary  varied  with 
the  size  of  fish.    Pituitaries  were  removed 
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and  weighed  immediately  after  the  fish 
were  killed.  Average  pituitary  weight  for 
each  length  group  of  gravid  goldfish  was 
plotted  against  that  group  to  provide  the 
line  of  figure  1.  It  clearly  demonstrates 
a  straight  line  relationship.  The  regres- 
sion equation  for  the  grouped  data  is 
r=1.30-6.31  and  the  coefficient  of  cor- 
relation is  0.892.  However,  there  is  con- 
siderable variation  in  pituitary  size  as 
related  to  length  of  fish,  as  indicated  in 
the  range  of  pituitary  weights  for  each 
group  of  fish  lengths  (table  8).  A  small 
portion  of  this  variation  may  be  due  to 
the  fact  that  different  amounts  of  the  stalk 
and  membranes  were  removed  and 
weighed  with  the  pituitary  and  that 
slightly  different  amounts  of  moisture  re- 
mained on  each  pituitary  after  blotting. 

A  similar  straight-line  relation  between 
fish  length  and  pituitary  weight  is  shown 
for  the  male  and  female  channel  catfish 
(fig.  2,  based  on  data  in  table  9).  The 
regression  formula  for  males  is  Y—  1.55a?— 
15.55  and  for  females  it  is  Y— 3.40a?— 44.44. 
The  coefficient  of  correlation  for  males  is 
0.887,  and  for  females  it  is  0.817.  When 
pituitary  weight  was  plotted  against  fish 
weight  (fig.  3)  the  regression  equation 
was  Y= 3.56a?  +  4.12  for  males  and 
Y=  8.14a?- 3.31  for  females.  The  correla- 
tion for  males  is  0.911  and  for  females  it 
is  0.952.  Thus,  there  is  a  slightly  higher 
correlation  between  pituitary  weight  and 
fish  weight  than  there  is  between  pituitary 
weight  and  fish  length. 


Table  8. — Relation  of  pituitary  weight  (wet)  to 
fish  length  of  gravid  goldfish 


Table  9. 


-Relation  of  pituitary  weight  to  fish 
length  of  channel  catfish 


[Only  one  fish  was  used  in  each  length  listed] 


Total  length  of  fish 

Range  of 
weights 

(milligrams) 

Average 

weight 

(milligrams) 

Number  of 
pituitaries 

5.  0  inches . 

0.8 
1.0-  1.2 

0.  7-  3.  6 

1.  5-  3.  2 
0.  8-  4.  2 

2.  0-  3.  8 
0.  9-  6.  0 
1.2-10.2 

0.8 
1.1 
1.4 
2.1 
2.1 
3.1 
3.8 
6.0 

1 

2 
S 
4 
10 
3 
7 
5 

6.  .r>  inches 

6.  0  inches. 

6.  .r>  inches 

7.  0  inches 

7.  ,r>  Inches 

8.0  inches 

8.  5  inches 

9.0  Inches 

9.  5  inches 

6.1 

6.1 

1 

Length  of  fish 

Weight  of 

fish 
(pounds) 

Wet  weight 
of  pituitary 
(milligrams) 

Male  channel  catfish: 

15.4  inches 

15.  5  inches 

16. 2  inches 

1.6 
1.5 
1.4 
1.7 
1.9 
2.4 
2.4 
2.5 
2.8 
4.0 
3.4 
5.6 
5.4 

.9 
1.3 
1.2 
1.4 
1.6 
2.2 
2.2 
3.4 

11.5 
11.0 
8  5 

16.  7  inches.. 

12.0 

17.  8  inches 

12  0 

18. 1  inches...  .  

8.5 

18. 1  inches 

9.0 

18.  5  inches 

15.0 

20. 8  inches 

14  0 

20. 8  inches     . 

15.0 

22.4  inches 

18.0 

24.0  inches 

25.0 

25.  0  inches 

25.0 

Gravid  female  channel  catfish: 
13. 8  inches 

4.5 

14.  5  inches 

6.1 

15. 2  inches 

6.3 

16.  0  inches 

8.2 

16.9  inches 

13.3 

17.6  inches 

11.5 

17.6  inches 

12.4 

19. 3  inches 

26.0 

The  ratio  of  the  weights  of  fresh  to  the 
acetone-dried  pituitaries  for  26  female 
goldfish  was  3.13:1  (24  percent  of  the 
wet  weight).  The  ratio  of  the  average 
wet  weight  of  the  pituitaries  to  the  average 
weight  of  the  gravid  female  goldfish  was 
1  milligram  of  pituitary  to  34.9  grams  of 
fish,  or  13  milligrams  per  pound  of  fish. 
This  ratio  ranged  from  5.7 : 1  to  26.9 : 1. 
The  ratio  of  the  wet  weight  of  the  pitui- 
tary in  milligrams  to  the  weight  of  female 
channel  catfish  in  pounds  was  6.2 : 1 ;  for 
males  5.4:1  (table  9). 

Even  though  the  relative  size  of  the  pitu- 
itary varies  phylogenetically,  the  fact  docs 
not  appear  to  be  of  any  practical  sig- 
nificance to  fish-cultural  practices.  We 
have  used  standard  dosages  based  on  milli- 
grams of  pituitary  per  pound  of  body 
weight  of  the  recipient,  regardless  of  the 
size,  sex,  and  species  of  the  donor.  This 
practice  may  have  to  be  changed  for  the 
pituitaries  of  certain  species,  e.g.,  river 
carpsucker  and  drum,  as  more  information 
is  gained,  since  our  data  indicate  that  the 
pituitaries  of  these  species  are  low  in 
act  ivity. 

Pickford  and  Afz  (1957)  reviewed  the 
literature   concerning   the   percentage   of 
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PITUITARY       WEIGHT       (MILLIGRAMS) 
Figube  1. — Relation  between  pituitary  weight  and  total  length  of  gravid  female  goldfish. 


weight  loss  in  drying  pituitaries  in  acetone 
and  found  that  the  defatted,  dry  weight 
represents  IB  to  17  percent  of  the  wet 
weight  of  the  pituitaries  of  four  different 
teleosts,  which,  it  might  be  noted,  belong 
to  three  different  orders,  two  of  the  species 
being  freshwater,  one  anadromous,  and 
one  marine. 

Latent  period 

The  time  of  response  from  injection 
to  ovulation  (the  latent  period),  provided 
that  it  is  rather  constant,  has  practical 
significance  in  fish  culture.  Knowledge  of 
this  latent  period  permits  more  efficient 
hatchery  operation  insofar  as  the  use  of 
fish,  men,  and  equipment  are  concerned. 
We  have  noticed  that  goldfish  carefully 
selected    for    their    apparent    advanced 


spawning  condition  and  injected  in  the 
afternoon  invariably  spawn  early  the  next 
morning  if  the  water  temperature  is  about 
70°  F.  At  lower  temperatures,  a  some- 
what longer  period  is  required. 

These  observations  raised  the  question 
of  whether  the  fish  respond  in  a  given  in- 
terval of  time  or  whether  the  exogeneous 
gonadotropins  ready  the  fish  physiological- 
ly and  they  spawn  early  the  next  morning 
when  light  and  other  environmental  con- 
ditions are  favorable  for  normal  spawn- 
ing. The  following  experiment  was  de- 
signed to  answer  this  question. 

Four  female  goldfish  were  each  injected 
with  2.6  milligrams  of  acetone-dried  carp 
pituitary  collected  in  December.  At 
2-hour  intervals,  other  groups,  each  of  four 
fish,  were  similarly  injected.     This  proce- 
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Figure  2. — Relation  between  pituitary  weight  and  total  length  of  male  and  female  channel  catfish. 


dure  was  continued  for  a  12-hour  period. 
All  injected  fish  were  examined  every  2 
hours.  Presumably,  if  goldfish  responded 
at  a  given  time  after  injection,  the  fish 
which  we  first  injected  would  spawn  after 
that  interval  of  time,  and  the  others  would 
spawn  each  2  hours  during  the  next  12 
hours.  If  they  spawned  at  a  particular 
time  of  day,  there  would  be  no  2-hour  pat- 
tern; the  fish  would  spawn  only  in  the 
morning. 

No  eggs  could  be  hand-stripped  from  the 
selected  fish  prior  to  the  pituitary  injec- 
tion. On  subsequent  attempts,  if  a  few 
eggs  could  be  stripped,  the  condition  was 
designated  as  "early  ovulation"  (table  10). 
In  other  instances,  hand-stripping  released 


a  considerable  number  of  eggs  which  were 
closer  to  the  color  and  texture  of  ripe  eggs ; 
this  condition  was  designated  as  "incom- 
plete ovulation".  Only  when  the  eggs 
could  be  stripped  from  the  fish  with  slight 
pressure  was  the  fish  considered  to  be  fully 
ripe  and  its  condition  rated  as  "complete 
ovulation".  Admittedly  the  classification 
is  a  matter  of  judgment,  but  the  four 
people  who  worked  in  the  laboratory 
readily  agreed  upon  the  condition  of  the 
fish  and  eggs  in  all  cases. 

Of  the  28  fish  injected  throughout  the 
course  of  the  experiment,  all  fish  that  ovu- 
lated did  so  within  12  to  18  hours  after 
injection.  One  fish  responded  in  12  hours, 
seven  in  14  hours,  nine  in   1(>  hours,  and 
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Figure  3. 
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-Relation  between  pituitary  weight  and  weight  of  male  and  female  channel  catfish. 


two  in  18  hours.  Sixteen  fish,  about  90 
percent,  responded  between  14  and  16 
hours  at  a  temperature  of  about  72°  F. 
Nine  fish  did  not  ovulate. 

The  fact  that  90  percent  of  the  females 
responded  to  hormone  injections  after  14 
to  16  hours  is  significant  to  the  fish- 
culturist.  For  example,  if  goldfish  are 
injected  during  the  late  afternoon,  spawn- 
ing should  occur  during  the  early  morning 
hours  when  the  sun  is  coming  up  and  when 
the  goldfish  normally  spawn.  However,  if 
one  desires  spawn  during  other  hours,  fish 
can  be  injected  at  times  calculated  to  give 
spawn  at  any  hour  which  might  be  ad- 
vantageous to  the  culturist, 
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It  is  not  particularly  significant  that  9 
of  28  females  did  not  ovulate,  since  the  fish 
employed  were  not  selected  to  be  com- 
pletely ripe.  The  pituitary  method  of 
spawning  as  used  in  this  experiment  was 
not  intended  to  ripen  fish,  but  merely  to 
precipitate  ovulation  in  ripe  fish.  The 
spawning  of  unripe  fish  is  another  problem 
and  involves  different  techniques. 

The  length  of  the  latent  period  of  gold- 
fish varies  with  temperature.  If  the  fish 
were  ripe  enough  to  respond  at  all,  the 
latent  period  increased  from  12  to  25  hours 
as  the  temperature  decreased  from  85° 
to  52°  F.,  the  range  of  temperatures  at 
which  goldfish  wTere  spawned  in  our  ex- 


Table  10. — Latent  period  for  female  goldfish 
injected  with  2.6  milligrams  of  carp  pitui- 
tariesat72°  F. 


Size 

Time  of 
injection 

Number  of  hours  from  injection  of 
pituitaries  to  spawning 

Early 
ovulation 

Incomplete 
ovulation 

Complete 
ovulation 

0815 
0815 
0815 
0815 
1015 
1015 
1015 
1015 
1215 
1215 
1215 
1215 
1415 
1415 
1415 
1415 
1615 
1615 
1615 
1615 
1815 
1815 
1815 
1815 
2015 
2015 
2015 
2015 

14 

16 

16 

8.0  inches 

7.25  inches. .. 

12 
12 

14 
14 

"18 
16 

10 
10 
14 

18 

24 

7.25  inches... 

16 

16 

14 

6.75  inches... 

12 

14 
16 

16 

20 
8 
18 

4 
10 
2 
2 

6.75  inches... 
8.25  inches... 
7.75  inches... 

-- 

7.5  inches 

18 

""ie 

8 

16 

12 

6.25  inches... 

2 

16 

14 

14 

14 

periments.  If  certain  goldfish  require 
considerable  ripening  and  more  than  a 
single  standard  injection  is  necessary  to 
precipitate  spawning,  the  time  of  response 
from  the  first  injection  is  probably  more 
contingent  upon  the  amount  of  maturation 
required  than  on  the  dosage  level,  if  the 
level  is  equal  to  or  above  the  standard  dose 
determined  for  ripe  females  in  the  same 
lot  of  fish.  This  statement  is  made  in 
light  of  the  fact  that  the  strength  of  the 
injection  does  not  seem  important  to  the 
induction  of  spawning  or  to  the  latent 
period  of  ripe  goldfish  once  a  certain  level 
or  threshold  is  reached.  Since  gonadotro- 
pins are  probably  excreted  or  inactivated, 
the  excess  quantities  therefore  would  not 
stimulate  ripening  in  direct  proportion  to 
Hie  dosage  level,  but  would  be  somewhat 
loss  than  proportional.-  The  fact  that  the 
length  of  the  latent  period  was  fairly 
constant  probably  means  that  the  thresh- 
old dosage  existed,  and  the  injected  fish 
as  a  group  were  of  similar  physiological 
condition.    One  thing  that  should  be  noted 


here  is  that  different  groups  of  goldfish  do 
have  different  quantitative  requirements 
for  a  threshold  dosage  (table  3),  which 
again  emphasizes  the  importance  of  the 
spawning  condition  of  the  recipient  and 
the  experience  of  the  fish-eulturist  in  judg- 
ing that  condition. 

Another  point  to  be  made  in  regard  to 
the  variable  latent  period  (12  to  18  hours) 
is  that  after  18  hours  no  fish  continued  de- 
velopment to  the  "complete"  ovulation 
stage,  suggesting  that  the  absorption  of 
hormones  from  the  2.6  milligrams  of 
pituitary  was  virtually  complete  after  18 
hours.  In  another  paper  (Sneed  and 
Clemens,  1958) ,  our  data  on  channel  catfish 
suggest  that  the  level  of  gonadotropins 
necessary  to  produce  spawning  was  main- 
tained more  effectively  by  small  dosages 
(every  8  hours)  than  by  larger  dosages  less 
frequently  given  (24  hours  or  longer). 

Effect  of  exogenous  gonadotropins  on 
fertility  and  development 

Pickford  and  Atz  (1957)  stated  in  con- 
nection with  their  review  of  Russian  litera- 
ture that  "there  is  ample  evidence  that 
improper  application  of  the  method  of 
inducing  ovulation  by  pituitary  injection 
can  yield  inferior  sex  products."  "Im- 
proper application"  means  too  large  a  dose, 
and  "inferior  sex  products"  means  in- 
fertile eggs  or  sperm,  reduced  viability, 
the  incidence  of  monsters,  and  in  the  case 
of  sturgeons,  parthenogenetic  develop- 
ment of  the  eggs.  However,  the  Russian 
data  are  not  clear  cut,  and  Russians  them- 
selves argue  the  point. 

No  such  effects  have  been  detected  in 
incubating  and  hatching  the  eggs,  or  in 
raising  the  fingerlings  from  over  200 
channel  catfish  spawns  obtained  by  pitui- 
tary injections.  Some  decrease  in  fer- 
tility (1  to  5  percent)  was  observed  when 
the  same  male  was  used  to  spawn  two  or 
more  females,  and  in  the  spawns  from 
lish  early  or  late  in  the  season.  Such 
instances  of   infertility  can   be  accounted 
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Table  11.— Fertility  of  eggs  from  carp  and  gold- 
fish injected  with  acetone-dried  pituitaries  15 
to  24  hours  before  handstripping. 


Female 

Male 

Percent 
fertility 

Remarks 

Goldfish.... 

Goldfish.. 

99 

Development  followed  to 
hatching. 

Goldfish .... 

Goldfish.. 

91 

Development  followed  to 
hatching. 

Goldfish.... 

Goldfish.. 

92 

Development  followed  to 
hatching;  unfertilized  eggs 
stored  in  plastic  bag  1  hour 
before  fertilization. 

Goldfish.... 

Carp 

75 

Carp 

Goldfish  -. 

97 

Eggs  stripped  into  Ringer's 
solution  immediately  be- 
fore fertilization. 

Carp 

Goldfish.. 

91 

Carp 

Carp 

97 

Carp 

Carp 

90 

Sperm  stored  in  Ringer's 
solution  before  use. 

Goldfish..  _. 

Carp 

80 

Unfertilized  eggs  stored  in 
plastic  bag  in  refrigerator 
1  hour;  sperm  stored  4 
hours  in  Ringer's  solution. 

Goldfish.... 

Carp 

80-85 

Unfertilized  eggs  stored  in 
refrigerator  1  hour. 

for  on  the  basis  of  incomplete  develop- 
ment early  in  the  season  and  natural 
deterioration  of  eggs  late  in  the  season. 
It  was  not  uncommon  for  the  eggs  to  be 
inferior  in  the  first  few  ovipositions,  and 
on  occasion  these  were  eaten  by  the  spawn- 


ing fish.  The  lowered  fertility  was  never 
great  enough  to  be  of  practical  signifi- 
cance ;  and  it  was  never  attributed  to  hor- 
mone injections,  except  when  fish  were 
hormone-spawned  before  their  normal 
spawning  season,  or  late  in  the  season. 

Excellent  fertility  was  demonstrated  by 
handstripping  carp  and  goldfish  of  both 
sexes,  which  were  previously  injected  with 
acetone-dried  pituitaries  (table  11).  Sim- 
ilar results  were  obtained  when  the  in- 
jected fish  were  allowed  to  spawn  on  mats. 

Exogenous  gonadotropins  can  be  used 
successfully  to  spawn  fully  developed  fe- 
males. Inferior  results,  as  reported  in  the 
literature,  probably  involve  extremely 
large  doses  of  pituitaries,  faulty  tech- 
niques, or  the  use  of  unripe  or  delayed 
fish.  From  a  fish-cultural  standpoint,  the 
understanding  of  why  some  fish  are  refrac- 
tive to  hormone  injections  is  more  import- 
ant at  the  present  than  is  an  explanation  of 
slightly  harmful  effects  of-  gonadotropins 
on  fertility  and  development. 


USE  OF  PITUITARY  MATERIALS 


A  review  of  the  attempts  to  spawn  fish 
by  hormones  reveals  a  number  of  tech- 
niques which  produce  varying  degrees  of 
success  and  failure.  The  reason  that  a 
proper  and  proved  technique  may  produce 
negative  results  lies  to  some  extent  with  the 
qualifications  of  the  investigator  who 
usually  is  either  an  endocrinologist  who 
knows  almost  nothing  about  fish  culture  or 
a  fish-culturist  who  is  rather  uninformed 
about  endocrinology.  For  this  reason,  we 
regard  only  positive  results  in  the  reports 
of  induced  spawning  experiments  as  truly 
significant.'  Sometimes  even  the  positive 
results  need  to  be  regarded  with  caution 
since  fish  occasionally  can  be  chemically  or 
physically  shocked  into  spawning. 

The  condition  of  the  female  fish  at  the 
time  that  induced  spawning  experiments 
are  conducted  is  of  utmost  importance. 


The  method  presently  used  and  discussed 
in  this  paper  concerns  spawning  of  ripe 
fish  only.  Within  relatively  narrow 
limits,  fish  can  be  hastened  into  spawning 
by  pituitary  injections.  Likewise,  fish 
slightly  delayed  in  spawning,  or  refractive 
to  spawning  in  their  natural  habitat,  can 
be  spawned  by  these  methods.  The  ma- 
nipulation of  fish  beyond  these  narrow 
limits  is  another  problem.  ' 

The  best  method  of  selecting  fish  for 
advanced  sexual  development  is  to  exam- 
ine the  larger  fish  in  the  hand;  smaller 
(minnow-sized)  fish  can  be  examined  in 
a  quart  jar.  The  assessment  of  the  fe- 
males' physiological  receptivity  to  gonado- 
tropins Avas  based  on  a  combination  of  the 
following  characters :  (1)  Abdominal  dis- 
tention by  the  ovaries,  preferably  after  the 
digestive  tract  has  been  emptied;  (2)  con- 
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dition  of  the  genital  opening;  (3)  color; 
(4)  degree  of  abdominal  flaccidity;  (5) 
behavior. 

The  assessment  of  the  degree  of  sexual 
development  of  the  male  is  not  usually  a 
major  problem.  During  the  spawning 
season,  males  of  many  species  often  show 
sexual  dimorphism,  and  any  male  observed 
in  breeding  color  was  assumed  to  be  ripe. 
If  sexual  dimorphism  does  not  exist,  and 
it  is  difficult  to  determine  ripe  males  from 
unripe  females  and  immature  individuals, 
the  fish  of  undetermined  sex  can  be  stocked 
at  a  ratio  of  two  or  more  per  gravid  female 
in  an  effort  to  assure  the  presence  of  some 
mature  males  in  the  tank.  These  fish 
should  be  similar  in  size  to  the  selected 
gravid  females.  In  those  species  that  pair, 
the  behavior  of  the  male  frequently  in- 
dicates whether  or  not  he  is  a  potential 
spawner.  His  positive  or  negative  at- 
titude toward  the  female  or  to  other  males 
often  reflects  his  sexual  development.  A 
thorough  knowledge  of  the  natural  spawn- 
ing behavior  and  conditions  for  the  par- 
ticular species  makes  it  much  easier  to 
select  fish  that  can  be  induced  to  spawn. 
Both  males  and  females  are  usually  in- 
jected for  handstripping  procedures,  but 
otherwise  only  the  females  receive  gonad- 
otropins. For  species  that  require  the 
more  specific  environments  for  spawning, 
such  as  the  nest  builders,  it  may  be  neces- 
sary to  provide  certain  facilities  such  as 
vegetation,  gravel,  rocks,  cans,  or  flowing 
water,  since  stimuli  from  the  environment 
may  also  play  an  important  role  in  the 
proper  metabolism  and  activity  of  the  in- 
jected hormones. 

Other  important  factors  of  general  tech- 
nique to  be  considered  include  dosage  and 
handling.  It  usually  saves  time  and  labor 
to  give  doses  above  the  minimum  required 
for  spawning,  rather  than  to  administer 
a  subminimal  dose.  The  evidence  indi- 
cates that  once  the  spawning  dose  is 
reached  greater  amounts  of  pituitary  do 
not  change  the  results  (table  3) . 


Our  general  technique  varied  with  the 
size  of  the  fish.  Minnow-size  fish  (2  to  3 
inches  long)  were  usually  anesthetized  in 
1 :10,000  MS  222  and  were  held  in  the  folds 
of  a  net.  They  were  injected  intra- 
peritoneally  with  0.1  to  0.2  milligrams  of 
pituitaries  in  0.1  to  0.2  milliliters  of  dis- 
tilled water  which  contained  100  to  200 
units  of  penicillin.  If  greater  volumes 
were  injected,  the  fluid  was  more  likely 
to  be  lost  from  the  body  cavity  after  the 
needle  was  withdrawn.  Also,  greater 
volumes  produced  an  edema  and  peritoneal 
inflammation,  perhaps  because  the  inter- 
nal pressure  was  too  great  for  the  welfare 
of  the  fish,  or  the  volume  of  fluid  was  too 
great  for  complete  absorption.  For  these 
small  fish,  a  needle  size  of  26  or  smaller 
was  used.  For  larger  fish,  needle  sizes 
from  19  to  21  were  satisfactory  and  did 
not  often  clog.  Luer-lock  hypodermic  sy- 
ringes, which  have  a  locked  needle,  will 
prevent  the  loss  of  materials  if  the  needle 
clogs.  Large  fish  were  not  anesthetized. 
They  were  injected  intraperitoneally  with 
pituitary  dosage  of  2  milligrams  or  more 
per  pound  of  body  weight,  with  1  milliliter 
or  more  of  distilled  water,  and  10,000  units 
of  penicillin  if  multiple  injections  were 
necessary. 

Suitable  facilities  and  proper  spawning 
places  (such  as  well-aerated  running  wa- 
ter, aquaria,  troughs,  pens,  or  ponds)  must 
be  provided,  the  type  depending  on  the 
species  to  be  spawned.  If  a  question  of 
water  temperature  arises,  a  temperature 
approximating  that  at  which  spawning 
occurs  in  nature  is  used.  If  there  is  danger 
of  the  eggs  being  eaten,  some  species  (e.g., 
zebra  fish)  can  be  spawned  over  netting 
through  which  the  eggs  can  settle  and  be 
separated  from  the  parent  fish.  Other 
species  (goldfish,  carp,  etc.)  can  be 
spawned  on  mats  which  are  periodically 
moved  to  hatching  ponds  or  troughs.  The 
egg  masses  of  the  catfishes  are  easily 
moved  to  mechanical  hatching  facilities 
immediately  after  spawning  is  complete. 
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An  account  of  our  experience  in  spawn- 
ing twelve  species  of  fish  is  given  in  the 
following  sections  and  is  summarized  in 
table  12.  It  may  appear  to  the  reader  that 
in  the  following  sections  that  not  enough 
attention  has  been  given  control  experi- 
ments. In  those  species  (goldfish,  carp, 
channel  catfish  and  golden  shiner)  that 
were  spawned  on  a  large  scale,  control 
groups  were  usually  not  set  up  at  this  stage 
of  our  investigations,  since  many  previous 
controlled  experiments  had  indicated  that 
these  species  did  not  often  spawn  in  con- 
fined spaces  (aquaria,  holding  troughs, 
etc.)  without  pituitary  injections. 

In  the  case  of  the  zebra  fish,  too  few  con- 
trols were  used  to  demonstrate  a  clear-cut 
difference  between  the  response  of  injected 
and  uninjected  fish.  Since  this  fish  readily 
spawns  in  small  containers,  the  effect  of 
gonadotropins  never  will  be  as  pro- 
nounced. 

The  information  on  the  spawning  of  the- 
remaining  species  should  be  considered  as 
preliminary,  since  only  a  few  fish  have 
been  spawned.  When  only  a  few  fish  are 
involved,  negative  controls  have  little 
meaning,  since  the  fish  are  so  indi- 
vidualistic in  their  physiological  condition. 
Only  random  injections  and  random  con- 
trols from  a  particular  population,  and 
then  only  if  many  individuals  are  used, 
give  statistical  significance  to  controlled 
experiments  involving  induced  spawning 
in  many  species  of  fish.  For  such  species 
as  the  channel  catfish,  which,  when  held 
captive  in  small  aquariums,  does  not  spawn 
unless  it  is  injected,  controls  appeared 
superfluous  after  this  fact  was  definitely 
established.  Also,  for  all  species  with 
which  we  worked,  control  information  was 
accumulated  inasmuch  as  similar,  unin- 
jected fish  were  almost  always  maintained 
in  the  laboratory  under  practically  identi- 
cal conditions,  although  formal  controls 
were  not  designated. 

The  response  of  a  particular  species  of 
fish  to  pituitary  injections  varies  with  the 


gonadal  development  of  the  fish.  Very 
gravid  females  respond  much  more  readily 
than  fish  less  well  developed.  In  other 
words,  it  is  easy  to  induce  spawning  dur- 
ing the  regular  spawning  season,  the  fish 
often  spawning  with  one  injection;  where- 
as fish  injected  several  weeks  before  their 
regular  spawning  season  may  require 
several  injections  over  a  period  of  hours  or 
days  in  order  to  precipitate  the  spawning 
act.  Usually  several  injections  must  be 
used  to  spawn  fish  which  have  been  delayed 
past  their  normal  spawning  period,  but 
spawning  cannot  be  obtained  if  degenera- 
tion of  eggs  has  begun.  Usually  delayed 
fish  are  refractory,  but  quite  often  normal 
eggs  can  be  procured  if  several  low-level 
dosages  are  give.  For  example,  we  have 
spawned  carp  as  early  as  February  and  as 
late  as  July  14  by  use  of  the  pituitary  in- 
jection method,  and  Mr.  Mayo  Martin 
(personal  communication)  spawned  carp 
in  September  in  Arkansas.  There  are  rec- 
ords in  the  literature  of  cyclic-spawning 
fish  having  been  spawned  during  practi- 
cally every  season  of  the  year  (Hasler  and 
Meyer,  1942;  Kawamura  and  Otsuka, 
1950 ;  Hasler,  Meyer,  and  Field,  1939 ;  Ball 
and  Bacon,  1954) .  Apparently,  the  major 
requirements  for  successful  induced 
spawning  are  that  fish  contain  well-devel- 
oped eggs  and  that  the  injected  pituitaries 
contain  the  components  necessary  to  pre- 
cipitate the  spawning  act  or  to  produce 
ovulation.  In  many  species  (carp,  gold- 
fish, channel  catfish,  green  sunfish),  sperm 
is  available  in  at  least  some  males  most 
months  of  the  year  (see  also  Pickford  and 
Atz,  1957,  p.  216). 

Chronic  injections  of  pituitary  mate- 
rials at  dosage  levels  normally  used  to  in- 
duce spawning  in  a  particular  species  can 
be  harmful  to  fish  that  contain  small,  im- 
mature eggs.  For  example,  1 -year-old  fe- 
male largemouth  bass  (Micropterus  salm- 
oides)  whose  ovaries  contained  mostly 
immature,  the  amount  of  pituitary  which 
traded  chum  salmon  pituitaries  in  choles- 
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terol  pellets  (prepared  by  Dr.  Arthur 
Rinfret  and  supplied  to  us  by  R.  E.  Bur- 
rows). These  fish  became  nervous  after 
5  or  6  days,  began  to  lose  mucus  from  the 
body,  developed  whitish  spots,  and  jerked 
violently  when  handled.  The  muscles  of 
the  fish  felt  hard,  as  though  the  fish  had 
been  dehydrated.  On  the  second  day  the 
fish  gave  off  large  quantities  of  urine  when 
stripping  tests  for  eggs  were  made,  and 
would  often  flex  into  a  rigid  sigmoid  curve 
when  handled.  Fish  responded  similarly 
to  large  amounts  of  fresh  pituitary  given 
frequently  over  a  24-hour  period,  or  when 
large  doses  were  administered  daily  for  6 
or  7  days.  We  have  noticed  a  few  identi- 
cal responses  in  other  species  including 
crappie,  goldfish,  carp,  and  zebra  fish. 
There  are  several  possible  explanations  for 
such  phenomena: 

1.  When  gonads  are  poorly  developed  or 
immature,  the  amount  of  pituitary  which 
we  injected  disrupted  metabolic  processes 
of  the  fish,  i.e.,  the  injections  constituted  a 
pharmacological  overdose. 

2.  The  extract  which  we  used  and  the 
raw  pituitaries  contained  products  which 
were  toxic  to  the  fish. 

3.  The  fact  that  the  fish  appeared  de- 
hydrated and  that  the  urine  was  increased 
suggests  that  hormones  had  a  diuretic  ef- 
fect on  the  fish. 

The  toxicity  of  some  pituitary  materials 
to  immature  fish  may  possibly  be  due  to 
ACTH,  as  suggested  by  Roger  E.  Burrows 
(correspondence) . 

Two  results  of  our  research  suggest  that 
the  hormonal  requirements  of  the  two 
groups  of  fish  are  different  quantitatively 
and/or  qualitatively :  (1)  Sexually  mature 
fish  respond  in  an  apparently  normal 
fashion  to  dried,  whole  pituitary  and  to 
pituitary  extracts;  (2)  immature  fish  re- 
spond abnormally  to  similar  materials. 

Goldfish   Carassf'us   auratus 

Inasmuch  as  thousands  of  goldfish  have 
been  induced  to  spawn  in  various  condi- 


tions at  a  number  of  hatcheries  over  a  pe- 
riod of  years  the  following  method  may 
be  considered  as  standard.  Almost  iden- 
tical techniques  have  been  used  with  many 
carp  and  golden  shiners. 

During  the  regular  goldfish  spawning 
season  from  March  to  June,  well-developed 
females  3  to  12  inches  in  total  length 
usually  spawn  or  can  be  hand-stripped 
within  12  to  20  hours  after  a  single  in- 
jection of  pituitary  taken  from  a  fish  of 
equal  weight,  or  an  injection  of  dried  pitu- 
itaries of  1  to  5  milligrams  per  fish  (2  to 
3  milligrams  per  pound  of  body  weight), 
depending  on  size.  In  practically  all 
cases,  fresh  or  acetone-dried  materials  in 
1  cc.  of  distilled  water  were  injected  intra- 
peritoneally  at  the  axil  of  the  pelvic  fin 
of  the  female.  Males  were  injected  only 
to  increase  the  flow  of  milt  when  hand- 
stripping  was  practiced. 

Goldfish  have  responded  to  pituitaries 
from  14  species  (table  4).  Fish  were 
spawned  at  temperatures  from  52°  to  85° 
F.  For  best  results,  water  temperatures 
should  be  between  60°  and  80°  F.  and  an 
adequate  supply  of  oxygen  must  be  pres- 
ent. Goldfish  were  usually  injected  with 
the  appropriate  amount  of  pituitary  ma- 
terials in  the  afternoon,  the  dosage  hav- 
ing been  determined  a  day  or  two  pre- 
viously with  the  injection  of  some  10  or 
15  females  with  varying  amounts  of  the 
pituitary  materials  to  be  used.  After  the 
females  were  injected  they  were  placed 
in  concrete  or  metal  troughs  or  in  small 
earthen  ponds  with  an  equal  number  of 
males  which  may  or  may  not  be  injected. 
Spanish-moss  spawning  mats  were  placed 
around  the  edges  of  the  troughs  and  ponds, 
as  described  by  Prather,  Fielding,  John- 
son, and  Swingle  (1953).  Such  fish 
usually  began  spawning  about  daylight 
on  the  following  morning  and  completed 
spawning  by  10  or  11  a.m.  Sudden  drops 
in  temperature  from  70°  to  50°  F.  usually 
did  not  completely  inhibit  spawning,  but 
only   delayed    it.     When    spawning    was 
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finished,  the  mats  were  moved  to  a  hatch- 
ing pond  which  had  been  filled  recently 
and  was  therefore  free  from  predators. 
If  the  water  had  been  standing  for  several 
days  in  the  pond,  or  if  runoff  or  pond 
water  was  used,  this  water  was  treated 
with  2.5  p.p.m.  Lexone  2  or  3  days  before 
stocking.  This  treatment  effectively  re- 
moves crayfish,  backswimmers,  some  para- 
sites, copepods,  and  predatory  insect  lar- 
vae. If  properly  used,  Lexone  will  not 
be  detrimental  to  the  fertility  of  the  eggs. 
The  required  number  of  eggs  should  be 
placed  in  the  hatching  pond  in  a  single 
day,  if  possible,  so  that  all  fry  will  be 
the  same  age.  Consequently  the  growth 
of  fry  will  be  more  uniform,  and  some 
parasites,  such  as  Lernea,  will  not  be  trans- 
ferred from  brood  stock  to  fry.  Any  lar- 
vae of  this  parasite  which  might  be  trans- 
ferred on  the  mats  will  likely  die  before 
the  eggs  hatch,  since  these  larvae  will  live 
only  about  24  hours  in  2.5  p.p.m.  Lexone 
and  only  a  few  days  unattached  to  a 
proper  host.1 

An  alternative  method  for  the  culture 
of  this  species  involves  the  hand-stripping 
of  eggs  and  sperm  after  injection.  In- 
stead of  placing  the  female  in  spawning 
troughs  or  ponds,  they  are  kept  in  holding 
tanks  separated  from  males.  Males  are 
injected  with  pituitary  materials  to  in- 
crease the  amount  of  seminal  plasma  and 
provide  more  milt  for  the  worker  to  use. 
The  morning  following  the  injections,  the 
females  are  examined  to  determine  their 
degree  of  ripeness.  Those  females  that 
are  ready  to  strip  are  separated  into 
buckets  or  other  convenient  holding  facili- 
ties. When  several  fish  are  ready  to  strip, 
the  eggs  are  removed  in  a  manner  similar 
to  that  used  for  trout  and  pike.     Each 


1  John  J.  Giudice,  Control  of  Lernea  carassii  Tidd, 
a  parasite  eopepod  infecting  goldfish  in  hatchery 
ponds,  with  related  observations  on  crayfish  and  the 
fish  louse  Argulus  sp.  Master's  thesis,  University  of 
Missouri,   1950. 

W.  M.  Tidd,  Studies  on  the  life  history  of  a  parasitic 
eopepod,  Lernea  carassii.  Doctoral  thesis,  Ohio  State 
University,   1J)47. 


female  is  wiped  dry  with  cheesecloth  or 
toilet  tissue,  and  the  eggs  are  stripped  into 
a  plastic  container,  to  which  they  do  not 
stick  as  they  do  to  glass  or  enamel  pans. 
Great  care  should  be  taken  to  keep  the 
eggs  and  milt  perfectly  free  of  water  until 
completely  mixed.  The  milt  and  eggs 
should  be  well  mixed  with  a  nylon  bristle 
brush  before  any  water  is  added.  The 
procedure  to  this  point  should  not  be 
hurried,  since  the  sperm  of  goldfish  do 
not  normally  become  motile  until  water 
is  added. 

We  have  kept  goldfish  eggs  in  a  dry 
state  outside  the  body  of  the  female  1  hour 
(table  11)  and  found  that  they  are  totally 
receptive  to  fertilization.  Also,  goldfish 
eggs  have  been  stored  1  hour  in  a  sealed 
plastic  bag  in  a  refrigerator  without  ser- 
ious loss  of  fertility  (table  11).  Shortly 
after  mixing  the  eggs  and  sperm,  small 
amounts  of  water  are  dripped  from  the 
finger  into  the  eggs  and  sperm.  After 
sufficient  water  is  added,  the  eggs  will  be- 
gin to  clump  and  adhere  to  each  other. 
Slightly  before  much  clumping  begins, 
the  eggs  should  be  lifted  with  a  nylon 
bristle  paint  brush  and  spread  on  Spanish 
moss  mats  placed  4  to  6  inches  under 
water  in  a  holding  trough  or  other  con- 
venient utensil.  As  the  eggs  are  shaken 
from  the  brush,  the  water  about  the  mat 
should  be  vigorously  agitated  to  disperse 
the  eggs  over  the  mat.  Also,  the  eggs  can 
be  poured  from  the  plastic  container  and 
dispersed  over  the  mat  by  vigorous  agita- 
tion of  the  water.  With  a  little  practice 
the  operator  can  achieve  a  dispersion  of 
eggs  similar  to  that  attained  by  the  fish 
under  normal  spawning  conditions.  Good 
dispersion  of  the  eggs  is  essential ;  any 
dead  eggs  will  become  covered  with  fungus 
and  smother  adjoining  living  eggs  if  they 
are  left  in  clumps  or  masses. 

After  the  eggs  have  been  placed  on  the 
mats,  either  of  two  incubation  methods 
may  be  used.  The  mats  of  eggs  may  be 
placed  in  hatchery  rearing  ponds  as  de- 
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scribed  above,  or  they  may  be  stored  in 
regular  hatchery  receiving  troughs  which 
have  flowing  water.  If  many  dead  eggs 
are  present,  they  may  be  flush-treated  with 
malachite  green  at  about  2  p.p.m.  Water 
inflow  should  be  adjusted  so  that  the  chem- 
ical is  flushed  out  within  an  hour.  When 
( lit1  eggs  are  eyed  they  may  be  moved  from 
the  troughs  to  a  growing  pond  which  has 
been  properly  prepared  for  fry.  Moving 
the  eggs  at  the  eye  stage  is  much  easier 
than  after  hatching,  since  the  fry  of  gold- 
fish are  small  and  delicate.  We  have  never 
tried  to  feed  or  raise  carp  or  goldfish  in 
troughs.  Trough-rearing  may  be  feasible 
in  this  country  in  small  hatcheries  which 
rear  fancy  goldfish.  The  above  methods 
have  been  used  for  several  years  to  raise 
goldfish  at  commercial  fish  hatcheries 
with  which  we  have  been  associated  as 
employee  or  consultant.  Also,  these  tech- 
niques have  been  used  to  raise  young  gold- 
fish for  food  for  bass  at  the  National  Fish 
Hatchery,  Tishomingo,  Okla.,  for  the  past 
four  seasons.  In  one  instance  675,000 
goldfish  weighing  2,925  pounds  were 
reared  in  a  0.7-acre  pond  in  5  months. 
This  concentrated  population  of  fish  did 
not  suffer  any  serious  diseases  or  mortality 
(Cozort,  1955). 

Carp  iCyprinus   carpio) 

The  technique  for  spawning  carp  is 
almost  identical  to  that  of  goldfish  (table 
12)  except  that,  in  our  experience,  carp 
are  refractory  to  heteroplastic  injections. 
We  have  injected  as  many  as  20  goldfish 
pituitaries  in  carp  with  no  results.  Simi- 
lar doses  of  buffalo  and  catfish  pituitaries 
also  have  been  tried  with  negative  results, 
whereas  a  single  carp  pituitary  will  in- 
duce female  carp  of  the  same  group  of  fish 
to  spawn.  Ordinarily,  carp  are  difficult 
to  spawn  in  small  earthen  ponds  or  hatch- 
ery troughs;  but  under  the  influence  of 
exogenous  pituitary  hormones,  they  can 
be  effectively  spawned  in  such  ponds  or 
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troughs,  or  they  can  be  hand-stripped  as 
described  above  for  goldfish. 

Golden   shiner  (Notemigonus    crysoleucas) 

The  technique  described  for  small  fish 
was  used  for  this  species  and  the  three 
notropids  following.  The  fish  were  anes- 
thetized, held  in  the  folds  of  a  net,  and 
the  injection  was  made  through  the  mesh. 
Female  golden  shiners  received  amounts 
of  pituitary  varying  from  one-twentieth 
to  a  whole  pituitary  from  a  1 -pound  carp. 
One-tenth  of  a  pituitary  for  gravid  fe- 
males 3  to  5  inches  long  is  recommended. 
The  eggs  are  adhesive  and  Spanish-moss 
mats  were  provided  for  spawning.  If 
hand-stripping  was  employed  the  proce- 
dure outlined  above  for  handling  the  ad- 
hesive eggs  of  goldfish  was  followed.  At 
a  water  temperature  of  68°  F.,  spawning 
was  induced  in  about  15  hours  after  a 
single  injection.  In  addition  to  the  above 
experiments,  we  have  worked  with  com- 
mercial bait  raisers,  and  the  pituitary 
method  was  applied  to  large-scale  opera- 
tions. The  brood  fish  were  usually  large, 
and  anesthetics  were  not  necessary.  Most 
of  this  work  was  not  subject  to  controls, 
but  the  method  definitely  appears  suitable 
for  the  production  of  large  numbers  of 
golden  shiners  with  fewer  brood  fish  and 
less  possibility  of  disease.  Excellent  pro- 
duction and  uniformity  in  size  of  the  bait 
minnows  were  achieved  at  Sulphur  Fish 
Hatchery,  Sulphur,  Okla.,  when  200  brood 
females  were  injected  and  allowed  to 
spawn  in  a  natural  situation  in  an  earthen 
culture  pond.  Similar  ponds  stocked  ac- 
cording to  previously  recommended  meth- 
ods produced  inferior  results. 

Emerald  shiner  [Notropis  atherinoides) 

The  emerald  shiner  was  induced  to  ' 
spawn  when  injected  with  the  water  ex- 
tract of  one-tenth  of  an  acetone-dried 
gland  (estimated  from  1  to  2  milligrams) 
from  a  buffalo  (table  12).  These  shiners 
were  collected  from  Lake  Erie  during  the 


second  week  of  July.  Each  of  nine  fish, 
2  to  3  inches  in  length  was  anesthetized  in 
1 :  10,000  MS  222  for  1  minute  and  then 
was  injected  intraperitoneally  with  0.1 
milliliter  of  distilled  water  containing  100 
units  of  crystalline  penicillin-G  plus  the 
pituitary.  The  distended  abdomens  of 
three  of  the  nine  fish  indicated  that  they 
were  gravid  females.  One  fish  died  the 
following  morning;  the  others  were  alive 
and  appeared  normal.  They  were  placed 
together  in  water  at  76°  F.  in  a  15-gallon 
aquarium.  A  piece  of  %-inch  mesh  nylon 
net  was  hung  between  the  fish  and  the 
bottom  of  the  aquarium,  to  prevent  con- 
sumption of  the  eggs  by  the  parent  fish. 
The  shiners  spawned  20  to  24  hours  after 
injection,  and  fertile  eggs  were  found 
loose  and  scattered  on  the  slate-bottomed 
aquarium.  They  were  observed  until  de- 
veloped to  the  primitive  streak  stage.  No 
attempt  was  made  to  put  the  eggs  in  a 
proper  hatching  environment.  Fungus 
attacked  the  eggs,  and  none  hatched. 

Mimic  shiner  (Nofrop/s  volucellus) 

The  dosages  (table  12),  injection  tech- 
nique, and  aquarium  setup  was  the  same 
as  for  the  emerald  shiner,  with  the  excep- 
tion that  the  pituitary  was  from  carp. 
Fish  were  collected  from  Lake  Erie  in  the 
third  week  of  June,  and  18  fish  about  2 
inches  long  were  injected.  Six  of  these 
were  known  to  be  gravid  females,  but 
could  not  be  hand-stripped  before  injec- 
tion. No  fish  were  lost  within  a  24-hour 
period  after  injection,  but  two  died  within 
the  next  3  days.  The  eggs  were  loose  and 
scattered,  both  individually  and  in  clumps, 
over  the  bottom  of  the  aquarium.  They 
were  observed  to  be  fertile,  but  their  de- 
velopment was  not  followed. 

Redfin  shiner  (Nofrop/s  umbratilis) 

Six  male  redfin  shiners  in  breeding  color 
were  chosen  and  were  not  injected.  Four 
gravid  females  were  injected  at  the  same 
dosage  as  the  emerald  shiner  (table  12) 


about  9  p.m.,  July  17,  and  the  males  and 
females  were  placed  together  in  a  5-gallon 
aquarium.  The  following  morning  be- 
tween 7  and  10  o'clock  spawning  began 
and  continued  until  about  4  p.m.  It  ap- 
peared that  one  male  dominated  the 
aquarium,  driving  the  others  to  the  sur- 
face to  hide  in  the  folds  of  the  net  while 
he  spawned  with  the  females.  The  dom- 
inant male  was  much  more  brilliant  in 
color  than  the  others,  although  they  were 
all  about  the  same  color  at  the  beginning 
of  the  experiment.  (Later,  in  another  ex- 
periment, a  breeding  male  was  placed  with 
an  injected  female  and  within  2  hours  the 
color  on  his  fins  had  become  much  more 
intense.) 

Eggs  were  deposited  in  a  small  pile  in 
one  end  of  the  aquarium,  and  later  in  an- 
other pile  at  the  other  end  of  the  aquarium. 
The  selection  of  a  neAv  position  at  the  far 
end  of  the  aquarium  away  from  the  ob- 
server may  have  been  caused  by  disturb- 
ances. Since  the  male  was  separated  from 
the  eggs  by  netting,  it  could  not  be  deter- 
mined whether  or  not  he  attempted  to  tend 
them.  He  moved  throughout  the  aquar- 
ium. The  eggs  were  left  in  the  bottom  of 
the  aquarium.  Although  many  of  them 
became  infected  with  fungus,  several  un- 
infected eggs  hatched  during  the  third 
day. 

Channel  catfish  Uctalurus  punctatus) 

The  induction  of  spawning  of  the 
channel  catfish  by  the  injection  of  pitui- 
taries  has  been  previously  described 
(Sneed  and  Clemens,  1960),  and  an  ab- 
stract of  this  report  is  presented  here  for 
the  sake  of  completeness. 

Seventy-foii  1-  pairs  of  channel  catfish 
were  injected  witli  fish  pituitary  and  in- 
duced to  spawn  in  aquariums.  Only  the 
females  were  injected.  Ten-gallon  aquar- 
iums were  the  most  satisfactory  containers 
for  spawning  (isli  up  to  2y2  pounds  in 
weight.  Larger  fish  required  proportion- 
ally larger  containers.     Peritoneal  lesions 
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and  inflammation  which  often  accompany 
intraperitoneal  injections  appeared  to  be 
controlled  by  including  10,000  units  of 
crystalline  penicillin-G  with  each  injec- 
tion. 

Pituitaries  from  carp,  buffalo,  flathead 
and  channel  catfish,  and  gar  were  success- 
fully used.  There  was  little  difference 
noted  in  the  potency  of  the  pituitaries 
from  these  different  species,  regardless  of 
the  month  of  collection.  The  total 
amount  of  acetone- dried  pituitary  mate- 
rial required  to  spawn  channel  catfish 
varied  from  3  to  32  milligrams  per  pound 
of  body  weight  of  the  recipient.  Most  fe- 
males required  3  injections  at  2  milligrams 
per  pound  of  body  weight.  The  total 
number  of  injections  required  varied  from 
1  to  28,  with  the  average  being  3.  The 
period  of  time  from  the  last  injection  to 
spawning  varied  from  2y2  to  72  hours, 
but  most  fish  began  spawning  16  to  24 
hours  after  the  last  injection. 

Females  believed  to  be  refractory  to 
spawning  in  the  hatchery  ponds  and  in 
their  natural  habitat  were  induced  to 
spawn  in  aquariums  by  pituitary  injec- 
tions. 

Flathead  catfish  [Pylodictis  olivaris) 

We  have  spawned  four  pairs  of  the  flat- 
head  catfish,  and  the  general  technique 
was  the  same  as  for  the  channel  catfish. 
The  females  were  placed  with  males  of 
similar  size  in  55-gallon  aquariums, 
24  x  25  x  14  inches.  One  pair  was 
spawned  in  a  cement  trough.  The  fish 
were  obtained  from  Lake  Texoma  on  July 
5  and  injections  began  2  days  later.  The 
data  in  table  13  outline  the  treatment  used 
on  individual  fish  to  induce  spawning  and 
should  serve  as  a  starting  point  for  those 
who  wish  to  work  with  this  species.  Be- 
fore flathead  catfish  can  be  spawned  with 
any  degree  of  success,  some  experience  in 
selecting  females  is  needed.  Kipe  females 
are  usually  darker  in  color  than  males,  but 
were  difficult  to  discern  by  external  exam- 


ination in  the  fish  which  we  handled.  The 
best  criterion  for  evaluating  the  spawning 
condition  of  the  females  is  the  appearance 
of  the  genitalia.  The  genital  papillae 
should  be  slightly  raised,  somewhat  red- 
dish, and  the  genital  opening  slightly 
dilated. 

When  examined  in  June,  the  ovaries  of 
flathead  catfish  brood  stock  kept  all  winter 
in  a  hatchery  pond  were  so  poorly  devel- 
oped that  we  felt  the  fish  could  not  be 
spawned.  However,  a  hatchery  in  south- 
ern Texas  that  kept  part  of  our  brood 
stock  through  the  winter  was  able  to  spawn 
one  pair.  Similar  reports  (personal  com- 
munication) of  difficulty  in  rearing  flat- 
head  catfish  brood  stock  have  come  to  us 
from  Arkansas  and  Alabama.  Water 
temperatures  and  failure  of  the  fish  to 
feed  properly  in  hatchery  conditions  on 
artificial  foods  may  be  major  deterring 
factors  in  the  sexual  development  of  this 
species. 

A  local  minnow  breeder  successfully 
spawned  five  pairs  of  flatheads  with  in- 
jections of  pituitary  materials  according 
to  our  recommendations  (Nos.  5-9  in  table 
13).  He  used  buffalo,  carp,  and  flathead 
pituitaries  at  dosages  of  2.5  to  4  milligrams 
per  pound  of  fish  every  24  hours.  Two  of 
the  females  spawned  with  one  injection, 
which  suggests  that  flatheads  respond  to 
gonadotropins  in  a  manner  similar  to  other 
species  if  they  are  physiologically  ready 
to  spawn. 

White  bass  (Roccus  chrysops) 

Two  female  white  bass  secured  from  the 
Red  River  below  Lake  Texoma  on  June 
12  contained  unspawned  eggs,  although 
the  white  bass  normally  finishes  spawning 
before  this  time.  These  fish  were  taken  to 
the  hatchery  with  males  of  similar  size. 
Both  males  and  females  were  injected  with 
y2  milligram  of  acetone-dried  carp  pitu- 
itary and  placed  in  hatchery  holding 
troughs,  with  Spanish-moss  mats  placed 
on  the  bottom  and  around  the  edges  of 
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Table  13. — Injection  records  of  nine  successful  spawns  of  flathead  catfish 


Fish 

Number  of 
injections 

Donor  species 

Dosage 

(milligram 

per  pound 

in  24 

hours) 

Female 

weight 

(pounds) 

Remarks 

No  1 

4 

4 
3 
4 
3 

5 

1 

1 

2 

Flathead 

4.0 

2.0 
6.0 
2.0 

9.0 

15.5 

6.0 

6.8 

Est.  10. 0 

17.2 

6.0 

1.8 

4.0 

Ovulation  of  a  few  eggs  occurred   without  spawning; 

different  male  added  before  spawning  was  achieved. 
Spawned  in  cement  tank. 

No  2 

Buffalo 

No  3 

Carp.  ..    

Partial  spawn. 

No.  4... 

Carp... 

Buffalo  and  carp.. 

Partial  spawn. 

No.  5 

240  milligrams  of  B-12  with  first  injection;  spawned  in 

No.  6        

Buffalo  and  flat- 
head. 
Buffalo 

2.7 
2.5 
2.5 
4.0 

barrel  in  cement  trough. 

No  7 

Collected  in  spawning  condition,  June  10,  from  Washita 

No.  8 

Buffalo 

Buffalo       

River;  spawned  in  barrel  in  cement  trough. 
Collected  in  spawning  condition,  June  10,  from  Washita 

No  9 

River;  spawned  in  barrel  in  cement  trough. 
Collected  in  spawning  condition,  June  10,  from  Washita 

River;  spawned  in  barrel  in  cement  trough. 

the  trough  (table  12).  Seventeen  hours 
later  the  fish  were  examined  and  were  not 
ready  to  hand-strip,  nor  had  any  spawn- 
ing occurred  in  the  trough.  The  females 
were  injected  a  second  time  with  2  milli- 
grams of  acetone-dried  carp  pituitaries 
and  spawning  occurred  in  the  trough 
within  3  hours.  Most  of  the  spawn  was 
placed  on  the  mats,  but  there  w7ere  many 
eggs  on  the  sides  and  bottom  of  the  troughs 
where  the  mats  did  not  cover  the  entire 
surface.  Had  the  bottom  been  completely 
covered  with  mats,  90  percent  of  the  spawn 
could  have  been  collected.  Microscopic 
examination  at  the  end  of  12,  24,  and  48 
hours  revealed  about  60  percent  of  the  eggs 
were  fertile.  These  eggs  were  not  observed 
further.  One  mat  of  eggs  was  placed  in 
an  earthen  pond,  but  no  fry  were  found, 
which  may  have  been  due  to  the  fact  that 
snails  (Physa)  soon  ate  the  eggs. 

White  crappie  [Pomoxis  annularis) 

Four  pairs  of  white  crappie  were 
spawned  in  a  cement  trough  containing 
Spanish-moss  mats,  and  with  a  small  flow 
of  water  running  through  the  trough 
(table  12).  One  female  received  intra- 
peritoneally  one  cholesterol  pellet  contain- 
ing iy2  milligrams  of  an  extract  of  chum 
salmon  pituitary.  At  the  end  of  15  hours 
the  genital  pore  was  large  and  red  :  and  at 
the  end  of  48  hours,  a  few  eggs  could  be 
obtained  by  hand-stripping.     This  female 


was  then  injected  with  4  milligrams  of 
acetone-dried  carp  pituitary  and  spawned 
the  following  night  when  the  water  tem- 
perature was  61°  F. 

On  another  occasion,  three  pairs 
spawned  within  30  hours  after  a  single 
injection  of  acetone-dried  carp  pituitary. 
The  eggs  successfully  hatched  and  the  fry 
appeared  normal. 

Rock  bass  (Ambloplites  rupestris) 

A  series  of  failures  to  induce  spawning 
in  nest  building  centrarchids  has  included 
the  largemouth  bass,  bluegill,  green  sun- 
fish,  and  rock  bass.  The  information 
from  these  failures  and  from  the  success- 
ful spawning  of  two  pairs  of  rock  bass 
suggests  a  possible  approach  to  a  successful 
technique. 

1.  The  condition  of  the  male  seems  to  be 
more  important  than  in  other  species.  It 
is  the  male  that  builds  the  nest.  If  the 
male  does  not  initiate  (his  behavior,  then 
apparently  spawning  will  not  take  place. 
For  this  reason,  it  may  be  good  pracl  ice 
to  inject  the  male,  unless  the  male  lias  been 
observed  to  exhibit  some  prespawning 
behavior. 

2.  The  condition  of  (lie  female  is  more 
difficult  (o  assess  because  (he  genital  open- 
ings reveal  little  concerning  gonadal  con- 
dition, and  outward  appearances  of  ovar- 
ian development  can  often  be  misleading. 

3.  Specialized  environmental  conditions 
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may  have  to  be  provided  to  give  the  neces- 
sary release  to  trigger  the  spawning.  In 
the  past,  in  spawning  cyprinids,  ietalu- 
rids,  and  serranids,  the  environmental 
conditions  provided  have  been  simple — 
space,  oxygen,  water  exchange,  and  oc- 
casionally spawning  mats.  We  would  like 
to  retain  the  idea  (proposed  in  a  previous 
paper,  Sneed  and  Clemens,  1960)  that  any 
physical  or  chemical  stimuli  which 
normally  cause  the  fish's  own  pituitary  to 
secrete  the  gonadotropins  necessary  to 
precipitate  the  spawning  act  were  by- 
passed, so  to  speak,  by  the  exogenous 
gonadotropins.  HowTever,  the  successful 
spawning  of  two  pairs  of  rock  bass  in- 
cluded some  environmental  additions 
which  at  this  point  seem  necessary. 

Two  pairs  of  rock  bass  were  spawned 
under  similar  conditions  (table  12).  A 
water  temperature  of  76°  F.,  a  coarse 
gravel  bottom  with  a  slight  current  of 
water  flowing  over  the  gravel,  and  a  five- 
gallon  aquarium  constituted  the  facilities. 
Both  males  and  females  received  tw7o  in- 
jections of  buffalo  pituitary  24  hours  apart, 
amounting  to  a  dosage  of  about  2  milli- 
grams. Eggs  were  scattered  over  the 
gravel  and  were  adhesive.  They  hatched 
in  3  days  and  were  reared  successfully. 

Other  experiments  involved  gravel 
and  aeration  (without  running  water),  no 
gravel  and  running  water,  no  gravel  and 
aeration ;  each  failed  to  induce  spawning. 
However,  two  additional,  unsuccessful  at- 
tempts were  made  in  what  was  considered 
to  be  favorable  conditions.  In  these  ex- 
periments, as  well  as  in  the  other  unsuc- 
cessful ones,  the  condition  (gonadal  devel- 
opment) of  the  fish  may  have  been  a 
limiting  factor. 

Zebra  fish  (Brachydanio  rerio) 

After  a  great  deal  of  preliminary  ex- 
perimentation with  zebra  fish,  a  larger  ex- 
periment was  attempted.  One  hundred 
adult  zebras  were  bought  from  a  tropical 
fish    supply    house.     Twenty-six    females 
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were  selected,  and  24  of  these  were  in- 
jected with  0.6  milligrams  of  acetone- 
dried  carp  pituitaries  in  0.2  milliliters  of 
distilled  water.  The  remaining  74  fish 
were  either  males  or  fish  difficult  to  sex. 
Ten  injected  and  two  control  females  were 
placed  in  individual  spawning  containers 
(battery  jars),  with  plastic  screen  sus- 
pended Uxo  inches  from  the  bottom  to  pro- 
tect the  eggs.  Fourteen  injected  females 
were  placed  together  in  an  aquarium. 
Two  fish  believed  to  be  males  were  stocked 
per  female;  i.e.,  28  such  fish  were  used. 
None  of  the  males  were  injected.  Injec- 
tions were  made  at  6  p.m.,  and  four  fe- 
males died  shortly  after  being  injected. 
The  following  morning,  four  of  the  six 
living  females  in  individual  containers 
had  spawned  a  total  of  340  eggs  (table 
14),  while  one  of  the  uninjected  females 
had  spawned.  The  spawning  of  one  of  the 
control  females  considerably  weakens,  in 
this  instance,  the  case  for  inducing  zebra 
fish  to  spawn.  However,  since  this  species 
readily  spawns  in  small  containers,  the 
difference  in  injected  fish  over  the  con- 
trols will  never  be  as  clear  cut  as  in  fish 
with  more  precise  spawning  requirements, 
such  as  channel  catfish,  rock  bass,  etc. 
The  egg  count  of  the  females  that  spawned 
individually,  including  the  two  which  did 


Table  14. — Results  of  injecting  zebra  fish  ivitli 
0.6  milligram  of  acetone-dried  carp  pituitary 
in  0.2  milliliter  of  distilled  water 


Num- 

Num- 

Num- 

Per- 

ber of 

ber  of 

Num- 

Total 

ber  of 

cent 

Number  of 

males 

ovula- 

ber of 

num- 

fe- 

of 

females 

per 

ting 

fertile 

ber  of 

males 

fertile 

fe- 

fe- 

eggs 

eggs 

dead 

eggs 

male 

males 

Selected  brood 

stock: 

1 

2 

1 

93 

112 

83.1 

1 

2 

1 

0 

1 

0 

1 

2 

0 

0 

2 

'5 

0 

1 

2 

0 

33 

65 

50.7 

1 

2 

1 

121 

143 

84.6 

1 

1 

0 

11 

17 

64.7 

1  (control) 

2 

0 

0 

0 

0 

1  (control) 

2 

0 

50 

52 

96.1 

14 

1 

4 

272 

366 

74.3 

Culls:  2 

33  . 

116 

121 

14 

95.8 

1  Four  of  these  fish  died  shortly  after  injection  and  they 
ot  included  in  the  remainder  of  the  data. 


not  included  in  the  remainder  of  the  data. 
2  These  fish  were  not  sexed. 


not  spawn,  averaged  57  eggs  per  female 
with  a  range  from  17  to  143  eggs. 
On  the  basis  of  this  average,  about 
6  of  the  14  females  spawned  in  the  aquar- 
ium experiment. 

The  culls  from  this  lot  of  fish  were  in- 
jected with  the  same  amount  of  pituitaries 
of  the  same  pituitary  lot.  In  this  experi- 
ment both  males  and  females  were  injected 
because  the  poorly  developed  females  and 
the  more  immature  fish  were  difficult  to 
sex.  Eleven  of  33  fish  died  immediately 
after  injection,  3  died  the  following  day, 
and  several  others  were  rather  sluggish. 
The  fish  first  lost  their  equilibrium  and 
their  ability  to  swim;  their  scales  began 
to  protrude;  and  in  the  final  stages,  the 
body  became  rigid.  From  the  remaining 
22  injected  fish,  121  eggs  were  obtained,  a 
yield  of  11  eggs  per  female  if  a  1:1  sex 
ratio  existed. 

The  percent  of  fertile  eggs  found  in  each 
spawning  container  varied  from  51  to  96, 
the  highest  being  in  the  uninjected  con- 
trol fish  and  in  the  culls.     There  are  a 


number  of  possible  reasons  for  the  low- 
ered fertility:  (1)  the  exogenous  gonad- 
otropin might  have  had  a  deleterious  effect 
on  the  eggs;  (2)  the  amount  of  gonado- 
tropin injected  might  have  been  excessively 
high  and  caused  the  female  to  void  her 
eggs  too  rapidly  and  they  settled  through 
the  screen  before  the  male  could  fertilize 
them;  (3)  the  males  were  in  poor  con- 
dition and  incapable  of  fertilizing  many 
eggs;  (4)  the  number  of  males  required  to 
spawn  a  female  and  fertilize  the  eggs  was 
inadequate. 

The  fact  that  the  percentage  of  fertility 
in  the  eggs  from  the  cull  fish  approximates 
that  in  the  controls  suggests  that  exoge- 
nous gonadotropins  do  not  necessarily 
lower  the  fertility  and  that  the  lower  fer- 
tility in  the  eggs  of  the  select  fish  was 
perhaps  due  to  an  inadequate  number  of 
males.  It  may  be  wise  to  stock  males  and 
females  in  ratios  greater  than  1:1  or 
2:1,  and  place  the  plastic  netting  near 
the  bottom  to  insure  proximity  of  the  eggs 
and  sperm. 
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ABSTRACT 

Equilibrium  yield  of  the  cutthroat  trout,  Salmo  clarki  lewisi  Girard,  in  Yellowstone 
Lake,  Wyo.,  is  determined  from  data  on  catch  and  spawning  runs  from  1945  to  1961. 
Changes  in  growth  rate,  spawning  runs,  mortality  rates,  and  year-class  strength  are 
related  to  differences  in  total  catch.  Three  stages  of  exploitation  of  the  stock  are  denned, 
and  the  maximum  safe  catch  or  equilibrium  yield  is  estimated  at  325,000  trout.  Man- 
agement of  the  sport  fishery  according  to  equilibrium  yield  is  discussed  with  reference 
to  regulations,  distribution  of  fishing  pressure,  planting,  and  interspecific  competition. 
The  Yellowstone  River  fishery  is  treated  briefly. 
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EQUILIBRIUM  YIELD  AND  MANAGEMENT  OF 
CUTTHROAT  TROUT  IN  YELLOWSTONE  LAKE 

By  Norman  G.  Benson  and  Ross  V.  Bulkley,  Fishery  Research  Biologists 

Rocky  Mountain  Sport  Fishery  Investigations,   Logan,   Utah 


Equilibrium  yield  is  one  of  the  primary 
objectives  of  trout  fishery  management 
where  wild  fish  are  involved.  This  report 
presents  a  method  for  estimating  maxi- 
mum equilibrium  yield  and  discusses  the 
relations  of  yield  to  management  of  the 
stock  of  cutthroat  trout  (Salmo  clarki 
lewisi  Girard)  in  Yellowstone  Lake,  Wyo. 
The  study  is  based  mainly  on  data  col- 
lected from  1945  to  1961  on  the  catch  and 
spawning  runs,  but  it  includes  other  bio- 
logical information  on  this  trout  popula- 
tion. Natural  fluctuations  in  stock  abun- 
dance are  distinguished  from  those  caused 
by  fishing,  and  past  management  is  eval- 
uated. 

Yellowstone  Lake,  in  Yellowstone  Na- 
tional Park,  has  one  of  the  few  native  cut- 
throat trout  stocks  in  the  United  States 
that  have  not  had  to  compete  with  large 
populations  of  introduced  fishes.  The 
lake  and  tributaries  make  up  a  closed 
water  system,  as  Yellowstone  Falls  (180 
feet  high)  is  located  15  miles  below  the 
lake.  The  National  Park  Service  has  pre- 
vented extensive  development  of  the  lake 
shore,  and  the  lake  ecology  has  remained 
relatively  unaltered. 

This  study  was  essentially  confined  to 
the  management  of  Yellowstone  Lake,  but 
the  fishery  in  the  15  miles  of  the  Yellow- 
stone River  from  the  outlet  to  the  falls 
has  also  been  reviewed. 


The  authors  are  now  at  the  Bureau's  North 
Central  Reservoir  Investigations,  P.O.  Box  139, 
Yankton,  S.  Dak. 


The  scope  of  the  material  in  this  report 
makes  it  advisable  to  describe  briefly  the 
subjects  considered  and  their  order  of 
presentation.  First,  general  background 
material  is  presented  on  the  history  of 
fishery  investigations  on  Yellowstone 
Lake,  fish  cultural  work,  description  of 
Yellowstone  Lake,  life  history  of  cut- 
throat trout,  and  lake  stocks.  Second, 
the  catch  from  1950  to  1961  is  discussed; 
this  includes  the  number  of  fish  caught, 
catch  per  man-hour,  lengths,  ages,  and 
sexual  maturity.  Third,  we  discuss  the 
changes  in  growth  rate,  spawning  runs, 
mortality  rates,  and  year-class  strength 
during  the  study  period  and  consider  the 
causes  thereof;  changes  caused  by  fishing 
are  differentiated  from  those  produced  by 
natural  conditions.  Fourth,  methods  and 
calculation  of  maximum  equilibrium  yield 
are  presented.  Fifth,  the  management 
of  this  fish  population  according  to  equi- 
librium yield  is  discussed  in  respect  to 
regulations,  distribution  of  fishing  pres- 
sure, interspecific  competition,  and  plant- 
ing. The  last  section  includes  the  biology 
and  management  of  the  Yellowstone  River 
fishery.  Much  of  the  data  and  some 
methods  used  are  put  in  the  appendixes 
to  avoid   complicating   t  ho    presentation. 

The  manuscript  was  reviewed  by  Drs. 
Oliver  Cope,  William  Sigler,  John  Neu- 
hold,  William  Ricker,  and  Kenneth  Watts, 
and  by  Orville  Ball.  Their  suggestions 
and  criticisms  are  gratefully  acknowl- 
edged. 
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BACKGROUND  DATA 

Investigations 

The  cutthroat  trout  population  in  Yel- 
lowstone Lake  was  first  mentioned  by 
Hayclen  (1872),  who  reported  that  a  single 
species  of  fish  was  in  the  lake,  a  trout  which 
weighed  from  2  to  4  pounds  each.  Jordan 
(1891)  made  a  reconnaissance  survey  of  the 
lake  in  1889,  and  Evermann  (1893)  de- 
scribed the  Yellowstone  cutthroat  trout 
in  detail.  Kendall  (1915)  and  Smith  and 
Kendall  (1921)  made  further  general 
studies  on  the  biology  of  the  cutthroat 
and  its  management.  Unpublished  re- 
ports were  prepared  by  Schultz  (1936), 1 
Madsen  (1940),2  and  Foster  (1941).3 

The  U.S.  Fish  and  Wildlife  Service  con- 
ducted more  detailed  biological  studies 
from  1943  to  1946  on  spawning  runs  and 
stocking  methods  under  the  direction  of 
Dr.  Stillman  Wright,  but  the  first  detailed 
investigation  on  this  cutthroat  trout  popu- 
lation was  carried  out  by  the  Rocky 
Mountain  Investigations  of  the  Service 
from  1949  to  1961.  Some  recent  publica- 
tions dealing  with  the  biology  of  the  cut- 
throat and  lake  ecology  are  by  Laakso  and 
Cope  (1956),  Cope  (1953,  1956,  1957a, 
1957b),  Ball  (1955),  Ball  and  Cope  (1961), 
Benson  (1960,  1961),  Bulkley  (1961),  and 
Bulkley  and  Benson  (1962). 

Fish  culture 

A  U.S.  fish  cultural  station  was  operated 
on  Yellowstone  Lake  from  1901  to  1953. 
Fish  were  trapped  in  tributary  streams 
during  their  spawning  runs,  and  eggs  were 
collected  and  fertilized.  Most  eggs  were 
used  for  stocking  other  waters  in  and  out- 
side Yellowstone  National  Park,  but  eyed 

1  "Report  of  observations  on  the  cutthroat  trout  of  Yellowstone 
Lake  in  regard  to  stocking,"  by  Leonard  P.  Schultz.  U.S. 
Bureau  of  Fisheries  typewritten  report,  August  18, 1936, 12  pp. 

2  "Report  on  age  and  growth  of  the  cutthroat  trout  (Salmo 
lewisi)  of  Yellowstone  Lake,  Wyoming,"  by  M.  J.  Madsen. 
U.S.  Bureau  of  Fisheries  typewritten  report,  1939. 

3  "Preliminary  report  of  Yellowstone  Lake  investigations,  sea- 
son of  1940,"  by  Richard  F.  Foster.  U.S.  Fish  and  Wildlife 
Service  typewritten  report,  plus  5  progress  reports,  1941. 


eggs,  advanced  fry,  and  fingerlings  were 
also  planted  in  Yellowstone  Lake  and 
tributaries.  The  fingerlings  were  fed  only 
a  short  time  before  stocking  and  were  in 
the  1-inch  class.  A  summary  of  the  egg 
take  and  stocking  in  Yellowstone  Lake  and 
tributaries  from  1940  to  1953  is  shown  in 
table  1 .  The  number  of  spawners  allowed 
to  spawn  naturally  varied  greatly  from 
year  to  year  and  from  stream  to  stream. 
Influences  of  planting  and  egg  collecting 
on  the  fish  stock  are  discussed  later.  Sev- 
eral programs  to  evaluate  these  plantings 
by  fin  clipping  were  never  completed. 

Table  1. — Number  of  cutthroat  trout  eggs  collected 
from  tributaries  of  Yellowstone  Lake  and  number 
planted  in  lake  or  in  tributaries,  by  years, 
1940  to  1953 

[In  thousands] 


Year 

Number 

of  eggs 

collected 

Number  planted  in  lake  or 
tributaries 

Eyed  eggs 

Advanced 
fry 

Finger- 
lings 

1940 

1941 

43,000 
39, 000 
25, 000 
25, 000 
24, 000 
20,  000 
24, 000 
21,000 
19, 000 
19, 000 
18, 000 
18,000 
15, 000 
8,000 

963 

1,251 

2,001 

2,061 

800 

0 

0 

0 

0 

0 

625 

0 

0 

0 

3,963 

4,175 

3,339 

3,161 

3,200 

2,600 

3,075 

2,980 

550 

742 

1,011 

0 

0 

0 

1,752 
1,661 

1942... 

1,567 

1943 

1944 

1945 

1946 

1947.  . 

1,615 

1,125 

602 

608 

403 

1948... 

0 

1949... 

0 

1950... 

0 

1951  .. 

0 

1952  ... 

0 

1953.. 

0 

Native  and  introduced  fishes 

Except  for  the  cutthroat  trout,  the  only 
endemic  species  in  the  drainage  is  the  long- 
nose  dace  (Rhinichthys  cataractae  Valen- 
ciennes). The  mountain  whitefish  (Proso- 
pium  williamsoni  Girard)  was  stocked  in 
the  Yellowstone  River  above  the  falls  in 
1898  but  did  not  survive.  In  1908  and 
1909,  landlocked  salmon  (Salmo  salar 
sebago  Girard)  and  rainbow  trout  (Salmo 
gairdneri  Richardson)  were  introduced 
into  Yellowstone  Lake,  but  neither  had 
survived  to  1915  (Kendall,  1915).  Exotic 
fishes  presently  in  the  lake  are  the  longnose 
sucker  (Catostomus  c.  catostomus  Forster), 


introduced  about  1923,  the  redside  shiner 
(Richardsonius  balteatus  hydrophlox  Cope), 
introduced  before  1955,  and  the  lake  chub 
(Hybopsis  plumbea  Agassiz),  introduced 
before  1949.  The  longnose  sucker  is  the 
only  nontrout  species  widely  distributed 
in  the  lake,  but  it  is  restricted  to  the  littoral 
zone.  The  other  species  are  confined  to 
shallow  lagoons,  tributary  streams,  or  pro- 
tected shallow  areas.  The  relations  of  the 
sucker  and  redside  shiner  populations  to 
the  cutthroat  trout  stock  are  discussed 
later. 

Regulations 

Fishing  regulations  before  and  during 
the  1920's  allowed  a  limit  of  20  fish  per 
angler  per  day  and  limited  fishing  methods 
to  hook  and  line.  Following  an  increase 
in  fishing  pressure  in  the  1930's  and  until 
1949  the  daily  limit  was  10  fish.  This 
limit  was  lowered  to  5  fish  in  1949  and  to 
3  fish  in  1953.  Length  limits  have  never 
been  used.  Before  1953  the  fishing  season 
extended  from  May  30  to  October  15. 
Since  then  the  opening  day  has  been  June 
15  on  the  lake  and  June  1  on  the  Yellow- 
stone River;  the  closing  day  is  October  15. 

Yellowstone  Lake 

Yellowstone  Lake  (fig.  1)  has  a  surface 
area  of  136.7  square  miles,  a  mean  depth  of 
139  feet,  a  maximum  depth  of  320  feet,  and 
a  shoreline  development  of  3.04  (Welch, 
1948).  It  lies  at  an  elevation  of  7,731 
feet.  The  lake  basin  is  volcanic  in  origin, 
and  the  limnological  characteristics  can 
best  be  described  as  oligotrophic.  Total 
alkalinity  ranges  from  30  to  38  p. p.m., 
and  conductivities  (reciprocal  megohms  at 
25°  C.)  range  from  62  to  123.  The  lake 
freezes  over  each  year  from  January  to 
May,  and  summer  surface  temperatures 
rarely  exceed  65°  F. 

Principal  bottom  organisms  are  Gam- 
marus  lacustris  (Sars),  Hyallela  azteca 
(Saussure),  and  several  species  of  tendi- 
pedids.  The  phytoplankton  is  dominated 
by  diatoms,  but  a  pulse  of  Anabaena  occurs 
each   August.     The  most  abundant   zoo- 


plankters  are  Diaptomus  shoshone  (S.  A. 
Forbes),  Daphnia  schoedleri  (Sars),  and 
Conochilus  unicornis.  Plankton  and  bot- 
tom fauna  species  composition  has  not 
changed,  to  any  measurable  degree,  from 
the  time  of  an  early  reconnaissance  study 
by  Forbes  (1893)  in  1890  to  the  present 
time.  Periodic  temperature  records  from 
the  Yellowstone  Fish  Cultural  Station 
from  1920  to  1953  have  also  emphasized 
the  stability  of  this  environment.  We 
have  considered  the  lake  environment  as  a 
constant  when  annual  differences  in  the 
statistics  of  the  trout  stock  are  analyzed. 
Fourteen  major  and  26  minor  tributaries 
empty  into  the  lake.  Yellowstone  River 
is  the  largest  stream  entering  the  lake  and 
is  the  stream  that  drains  the  lake.  Most 
tributaries  are  cold,  clear  alpine  streams, 
although  hot  springs  drain  into  several 
tributaries. 

Life  history  of  cutthroat  trout 

The  life  history  of  the  cutthroat  trout  in 
Yellowstone  Lake  has  been  described  in 
several  of  the  papers  cited  previously  and 
is  reviewed  briefly  here.  Cutthroat  trout 
of  age  groups  III  to  VII,  but  predomi- 
nantly fish  of  age  groups  IV  and  V,  migrate 
into  tributary  streams  of  Yellowstone  Lake 
and  the  Yellowstone  River  from  May 
through  July  to  spawn.  Studies  with 
tagged  trout  from  1951  to  1953  suggest  that 
up  to  98.78  percent  of  the  spawning  fish  are 
initial  spawners  (Ball  and  Cope,  1961). 
Repeat  spawning  in  alternate  years  occurs 
over  four  times  more  frequently  than  in 
consecutive  years.  An  average  of  48  per- 
cent of  the  spawners  die  in  the  spawning 
streams  from  predation  and  other  causes; 
the  survivors  move  back  into  Yellowstone 
Lake  within  a  few  weeks  after  they  enter 
the  stream. 

Eggs  are  deposited  in  gravel  from  a  few 
days  to  several  weeks  after  spawners  enter 
the  streams,  and  fry  emerge  from  the  gra- 
vel an  average  of  30  days  after  egg  deposi- 
tion. Some  im matures  migrate  to  the 
lake  within  2  weeks  after  emergence,  while 


Yellowstone  Rivet 
(outlet) 


Fishing    Bridge 

and  Fishing   Bridge   dock 

Lake  Dock 

Hatchery  Cree 

bridge 


Pelican  Creek 


.Arnica    Creek 


NORTHERN   AREA 


*> 


Stevenson 

Island 


Au 


Clear  Creek 


WEST   THUMB   AREA 


West 

Thuml 

Dock 


<T)i 


Frank 

Island 


SOUTHERN   AREA 


*o* 


YELLOWSTONE    LAKE 
WYOMING 

Miles 
I  2  3 


South 
Arm 


Southeast  Arm 


0.  Molly 
Islands 


Yellowstone 

River 
■  (inlet) 


Chipmunk  Creek 


Grouse 

Creek 


Figure  1. — Yellowstone  Lake,  showing  areas  and  streams  included  in  the  study. 


others  remain  in  the  streams  for  periods 
up  to  2  years.  Predation  and  other  factors 
cause  an  estimated  average  mortality  of 
99.6  percent  from  the  egg  potential  of  the 
spawning  population  to  the  number  of 
immatures  that  enter  the  lake.  Mortality 
studies  in  Arnica  Creek  suggested  a  rela- 
tively high  survival  rate  of  36.8  percent 
from  the  time  that  immatures  leave  the 
parent  stream  until  they  return  as  spawn- 
ers.  Both  immature  and  adult  trout 
showed  strong  homing  tendencies  (Ball, 
1955). 


Trout  feed  almost  entirely  on  plankton 
and  bottom  fauna  in  the  lake.  Only  6 
out  of  694  stomachs  examined  contained 
fish  (small  cutthroat  trout).  There  is  a 
gradual  transition  from  a  plankton-bottom 
fauna  diet  to  a  diet  predominantly  of 
benthos  in  fish  within  the  length  range 
of  225  to  300  mm.  Most  trout  are  in 
the  upper  45  feet  of  water  during  the 
summer,  and  few  venture  below  the  75- 
foot  depth.  Small  trout  inhabit  both  the 
limnetic  and  littoral  zones,  while  large  trout 
are  found  predominantly  in  the  littoral  zone. 


Fishing  in  spawning  streams,  except  for 
the  lower  Yellowstone  River,  is  not  com- 
mon, and  the  catch  is  taken  almost  en- 
tirely from  the  lake.  A  few  trout  enter 
the  catch  at  age  group  II,  but  most 
trout  caught  are  in  age  groups  III,  IV, 
and  V. 

Predation 

The  rate  of  natural  predation  in  Yellow- 
stone Lake  must  be  considered  when 
evaluating  the  causes  of  fluctuations  in 
trout  abundance  over  a  period  of  time. 
The  white  pelican  is  the  principal  preda- 
tor, but  the  black  bear  is  also  involved. 
Black  bears  consume  a  large  number  of 
trout  during  spawning,  but  the  number  of 
bears  around  Yellowstone  Lake  is  main- 
tained at  a  relatively  constant  level 
by  the  National  Park  Service.  Double- 
crested  cormorants  are  not  common 
enought  to  be  considered.  Ball  and  Cope 
(1961)  studied  pelican  predation  and 
showed  how  it  was  related  to  spawning 
runs  of  trout.  They  suggested  that  the 
mortalities  caused  by  pelicans  alone  ex- 
ceeded fishing  mortalities  from  1950  to 
1953. 

Pelican  predation  will  vary  from  year 
to  year  according  to  the  number  of  peli- 
cans. Pelican  breeding  is  confined  to  the 
Molly  Islands  on  Yellowstone  Lake,  and 
the  number  of  young  produced  on  these 
islands  has  been  recorded  by  the  National 
Park  Service  for  some  years.  We  have 
used  these  counts  as  a  measure  of  the 
variation  in  amount  of  pelican  predation. 
Murphy4  reviewed  the  pelican  count 
data  from  1929  to  1959  (table  2),  but 
stated  that  the  accuracy  of  some  of  the 
counts  may  be  open  to  question.  He 
found  that  the  number  of  young  hatched 
increased  during  the  1930's  to  a  high  in 
1946.  Except  for  a  low  of  58  in  1950  the 
number  hatched  has  ranged  from  200  to 
300  since  1946.  He  attributed  the  low 
numbers  in  1931  and  1950  to  normal  pop- 


ulation fluctuations,  but  the  overall  in- 
crease may  be  due  to  more  rigorous 
protection  on  a  national  level.  The  data 
since  1950  do  not  suggest  any  significant 
changes  in  the  pelican  population,  and 
we  have  not  .considered  natural  predation 
by  pelicans  as  a  variable  in  our  analyses. 


Table    2.— 

Islands 

Hatch    of    white    pelicans    on    Molly 
,  for  specified  years,  1929  to  1960 

Year 

Count  of  recently 
hatche'l  birds 

1929.. 

134 

1930 

170 

1931 

54 

1932        

100 

1936        

180-200 

1946 

374 

1947 

228 

1949... 

255 

1950-.. 

58 

1951 

200  (banded) 

1952 

300  (est.) 

1959                      

257 

1960.  .                             

•275 

"The  Molly  Island  nesting  colonies  of  Yellowstone  Lake," 
by  Joseph  R.  Murphy.  Unpublished  mimeographed  report  to 
National  Park  Service,  9  pp.  1959. 


1  Data  courtesy  of  Robert  Mclntyre,  Chief  Park  Naturalist, 
Yellowstone  National  Park. 

Fishing  stocks 

The  term  "stock"  in  this  paper  refers  to 
a  group  of  subpopulations  as  defined  by 
Marr  (1957).  His  definition  of  a  sub- 
population  could  apply  to  the  progeny  of 
each  spawning  stream  in  Yellowstone 
Lake,  since  the  homing  instinct  is  strong. 

Analyses  of  the  lake  population  would 
be  simplified  if  all  data  collected  could  be 
viewed  as  coming  from  a  single  stock,  but 
several  factors  have  made  it  advisable  to 
consider  the  northern  area  and  West 
Thumb  as  two  distinct  fishing  stocks 
(fig.  1).  These  two  stocks  were  studied 
separately  because  (1)  each  is  supplied 
largely  from  a  different  group  of  spawning 
streams  as  shown  from  tagging  of  post- 
spawners,  (2)  they  differ  in  strength  of 
year  classes,  (3)  (hey  differ  in  seasonal 
recruitment  into  the  fishery,  and  (4)  they 
differ  in  age  composition  of  the  catch. 
There  is  not  enough  fishing  pressure  in 
the  southern  area  at  the  present  time  to 
define  it  as  a  fishing  stock.  Some  of  the 
differences  between  stocks  are  described 
below,  hut  more  complete  data  are 
presented  later. 
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The  relations  between  the  trout  from 
five  spawning  streams  and  these  two  fish- 
ing areas  from  1949  to  1953  were  deter- 
mined from  tagging.  Ball  and  Cope 
(1961)  studied  the  dispersal  of  18,836 
tagged  postspawners  from  five  spawning 
streams  (fig.  1).  Trout  captured  during 
the  same  year  as  they  were  tagged  were 
found  closer  to  the  spawning  stream  than 
those  captured  during  the  second  or  third 
year,  and  results  from  all  years  showed 
the  same  general  movements.  Trout 
tagged  in  Pelican  Creek,  Clear  Creek, 
lower  Yellowstone  River,  and  near  Fishing 
Bridge  were  primarily  captured  in  the 
northern  area.  Trout  tagged  in  Chipmunk 
and  Grouse  Creeks  were  often  captured  in 
the  lightly  fished  southern  area,  but  a 
large  number  were  recovered  in  West 
Thumb  during  August  of  the  year  of 
tagging  or  the  following  year.  Most 
Arnica  Creek  tags  were  recovered  in  West 
Thumb.  Assuming  that  the  movement  of 
postspawners  is  similar  to  that  of  pre- 
spawners,  the  northern  area  stock  is  com- 
posed mainly  of  fish  spawned  near  the 
location  of  fishing,  while  the  West  Thumb 
stock  consists  of  locally  spawned  fish  plus 
fish  from  spawning  streams  in  the  southern 
part  of  the  lake. 

Year-class  strength  of  the  catch  varies 
widely  because  of  this  difference  in  the 
source  of  fish  contributing  to  the  catch  in 
the  two  areas.  Bulkley  and  Benson  (1962) 
analyzed  the  causes  and  variance  of  the 
strength  of  year  classes  in  Pelican  and 
Chipmunk  Creeks.  The  strength  of  year 
classes  of  spawners  at  Pelican  Creek  is 
correlated  significantly  (r=.825,  d./.  =  6) 
with  the  catch  at  Fishing  Bridge,  and 
heavy  exploitation  in  the  northern  area 
influenced  the  Pelican  Creek  spawning 
runs.  Pelican  Creek  is  not  as  important  a 
spawning  stream  as  the  Yellowstone  River 
for  the  northern  area,  but  factors  influenc- 
ing year-class  strength  in  Pelican  Creek 
must  be  similar  to  those  influencing  the 
entire  stock  of  the  northern  area.     The 


West  Thumb  catch  is  derived  from  a  large 
number  of  relatively  small  spawning 
streams,  and  the  year-class  strength  of  the 
catch  does  not  follow  closely  any  of  the 
sampled  streams.  The  reason  for  the  close 
agreement  in  year-class  strength  between 
spawning  streams  and  catch  in  the  north- 
ern area  and  the  lack  of  a  similar  agree- 
ment in  West  Thumb  is  suggested  in  data 
from  Bulkley  (1961).  Spawning  streams 
that  are  in  close  proximity  to  each  other 
are  more  similar  in  the  strength  of  their 
year  classes  than  streams  that  are  widely 
separated. 

The  West  Thumb  catch  is  rather  evenly 
distributed  throughout  the  fishing  season, 
while  the  catch  in  the  northern  area  is 
heaviest  during  the  spawning  period  and 
decreases  rapidly  after  the  middle  of  July.  | 
The  northern  area  catch  has  more  old  fish 
than  West  Thumb  because  it  is  more  de- 
pendent on  spawning  migrations. 

CATCH 

Number  caught 

Early  records  of  the  sport  fish  catch 
from  Yellowstone  Lake  cannot  be  con- 
sidered too  reliable,  since  they  were  col- 
lected by  interviews  at  the  gates  of  the 
park.  They  give  a  general  picture  of  the 
fishing  intensity  and  show  the  increase  i 
from  1925  to  1944.  The  average  annual 
catches  for  5-year  periods  were  as  follows: 
1925-29,  69,000;  1930-34,  93,518;  1935- 
39,  140,697;  and  1940-44,  117,697. 

An  intensive  creel  census  (Moore  et  al., 
1952;  Cope,  1957a)  was  conducted  from 
1950  to  1961.  This  census  sampled  seg- 
ments of  the  fishery  such  as  shoreline, 
rowboats,  trailer  boats,  etc.,  separately, 
and  the  total  catch  and  fishing  effort  is 
estimated  from  the  sum  of  all  segments. 
From  1950  to  1959  the  catch  increased 
from  200,015  to  393,497  fish  and  the  fish- 
ing pressure  from  292,989  to  526,728  hours 
(table  3).  The  increase  was  continuous 
except  for  1953  and  1954,  when  the  catch 
decreased  owing  to  the  lowering  of  the 


creel  limit  from   5   to  3  fish.     Both   the 
catch  and  the  fishing  pressure  dropped  in 
1960.     The  drop  in  1960  was  related  to  a 

|  general  decrease  in  fishing  pressure  and 
was    not    due    to    poor    fishing.     Fishing 

'  pressure  in  hours  fluctuated  less  regularly 
than  catch,  but  varied  from  292,989  in 
1950  to  526,728  in  1959. 

Table  3. — Estimated  catch  by  areas  and  for  entire 
lake   and  estimated  fishing   pressure  for   entire 
lake,  by  years,  1950  to  1961 

Year 

Number  of  trout  caught 

Total 

North- 
ern 
area 

West 

Thumb 

area 

South- 
ern 
area 

Entire 
lake 

hours  of 
fishing 

1950 

1951 

■1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

144,  U6 
147, 999 
170,255 
129,  529 
148,171 
191,647 
182,999 
187,  462 
219,036 
250,310 
181,588 
192,211 

48,  575 
52, 085 
63, 885 
38,819 
53,  702 
78, 276 
86, 472 
92, 174 
105, 155 
117,171 
85, 953 
97,114 

6,624 
8,171 
11,137 
27,  525 
14, 060 
16, 133 
20,  750 
21,519 
24,836 
25, 986 
27,357 
23, 269 

200,015 
208. 255 
245, 277 
195, 873 
215,933 
286, 056 
290,  221 
301,155 
349, 027 
393, 467 
294, 898 
312,  594 

292, 989 
353, 090 
402, 989 
332,  684 
333, 004 
445, 206 
500, 799 
41k,  963 
474,  951 
526,  728 
407,  327 
497,  664 

Fishing  pressure  on  Yellowstone  Lake 
is  not  distributed  evenly,  owing  to  lack 
of  easy  access  to  the  southern  parts  of 
the  lake.  Since  the  creel-census  informa- 
tion was  collected  by  sampling  segments 
3f  the  fishery  separately,  it  was  possible 
to  break  down  quite  accurately  the  catch 
Tom  the  three  areas  of  the  lake  designated 
n  figure  1  (method  in  appendix  A).  From 
950  to  1960  an  average  of  65.5  percent  of 
bhe  cutthroat  trout  were  caught  in   the 


northern  area  (34.7  square  miles),  27.6 
percent  in  West  Thumb  (26.1  square 
miles),  and  6.9  percent  in  the  southern 
area  (75.8  square  miles).  Although  the 
catch  has  increased  more  in  West  Thumb 
and  in  the  southern  area  than  in  the 
northern  area  in  recent  years,  the  overall 
distributional  pattern  has  not  changed 
greatly. 

Catch  per  man-hour 

Royce  and  Schuck  (1954),  Schaefer 
(1957),  and  other  workers  have  used 
catch  per  unit  of  effort  as  an  important 
statistic  for  calculation  of  stock  density 
and  for  management  purposes.  We  have 
found  catch  per  man-hour  to  be  an  unre- 
liable index  of  stock  density  in  the  Yellow- 
stone Lake  fishery  because  there  were  too 
many  factors  other  than  stock  density 
that  influenced  rate  of  catch.  Catch  per 
man-hour  did  not  vary  greatly  from  1950 
to  1961  even  with  a  tremendous  increase 
in  catch  (table  4).  For  shoreline  anglers, 
it  was  usually  about  0.5  fish  per  hour, 
and  for  boat  fishermen  it  varied  from  0.5 
to  1.0  fish  per  hour.  There  were  no 
consistent  relations  between  catch  per 
man-h6ur  and  total  catch  for  rental  and 
guide  boat  anglers,  shoreline  anglers,  and 
private  trailer  boat  anglers.  This  lack 
of  relation  could  not  have  been  due  to 
error  in  the  collection  of  data  for  the 
shoreline  fishery  because  census  clerks 
actuallv  observed  fishermen  and  did   not 


Table  4. — Catch  and  catch  per  man-hour  by  rental  and  guide  boats,  shoreline  fishermen,  and  private 

trailer  boats,  by  years,  1950  to  1961 


|                     Year 

Rental  and  guide  boats 

Shoreline 

Private  trailer  boatfl 

Number  of 
trout  caught 

Catch  per 
man-hour 

Number  of 
trout  caught 

Catch  per 
man-hour 

Number  of 
trout  oaughl 

Oateb  per 

man-hour 

960 

83, 351 
90,  442 

102,210 
62.  364 
72,  369 
89, 470 
94,315 

104. 786 
93,354 

105,  277 
76.  12(» 
99,  795 

0.700 
.670 
.722 
.659 
.737 
.756 
.  vis 
.sir, 
.752 
.895 
.924 
.856 

55. 370 

■IS.  '.lC.fi 
53.423 

m,  lie 

71,919 

97.831 
66,  :<s:( 
63.286 
81,210 

lid.  in-' 

66,  689 

98,954 

ii  649 

in.', 
.404 

.616 

.843 
686 
680 

.603 
608 

.  680 

60, 877 

76,  W7 

60,  lis 

BO,  270 
110,937 
116,  Hi 
1 19,  687 
124,  121 
136,  nut 

98  682 

1.020 

951    - 

'.KO 

952 

S02 

.680 

954 

.680 

955 

698 

956 

.808 

958 

.765 

959 

718 

960 

787 

961 

641 

depend  upon  interviews.  Two  factors 
that  were  known  to  have  seriously  influ- 
enced catch  per  man-hour  in  the  Yellow- 
stone fishery  were  year-to-year  variations 
in  availability  of  the  stock  and  a  major 
change  in  fishing  gear  during  the  study 
period. 

Most  of  the  angling  pressure  on  Yellow- 
stone Lake  is  exerted  on  fish  highly  con- 
centrated near  shore  in  spawning  migra- 
tions. Each  year  almost  half  of  the  catch 
from  the  shoreline  and  from  rental  boats 
at  Fishing  Bridge  has  been  made  during 
the  first  4  weeks  of  the  angling  season 
(table  5).  As  the  fish  disperse  after 
spawning  they  become  more  difficult  to 
locate,  and  catch  per  man-hour  decreases. 
Timing  of  the  spawning  period  in  relation 
to  opening  of  the  fishing  season  seriously 
influences  the  seasonal  catch  per  man- 
hour,  although  this  timing  factor  cannot 
be  accurately  evaluated.  In  years  such 
as  1954,  when  spawning  was  delayed, 
opening  of  the  fishing  season  coincided 
with  the  peak  of  the  spawning  period,  and 
catch  per  man-hour  remained  high  until 
the  spawn ers  dispersed.  In  years  when 
environmental  conditions  were  suitable 
for  early  spawning,  such  as  1951,  many 
fish  had  spawned  and  commenced  dis- 
persing or  had  passed  into  spawning 
streams  closed  to  angling  before  the  fish- 
ing season  opened.  Catch  per  man-hour 
was  correspondingly  lower  in  these  years, 
not  because  of  reduced  stock  density  in  the 


lake,  but  because  of  earlier  dispersal  from 
the  fishing  area  of  a  highly  concentrated 
segment  of  the  population. 

Unusually  high  water  levels  in  1956 
influenced  catch  per  man-hour  of  shoreline 
fishermen,  although  the  influence  of  water 
levels  was  not  clearly  evident  during  other 
years  (fig.  2).  Water  levels  in  1956 
probably  reduced  availability  of  the  cut- 
throat trout  to  shoreline  anglers  only,  as 
boat  fishermen  did  not  experience  a  drop 
in  rate  of  catch  that  year  (table  4). 

A  major  change  in  angling  gear  also 
occurred  during  the  study  period,  with 
an  ensuing  increase  in  gear  efficiency. 
From  reports  of  concessionaires  and  sport- 
ing goods  dealers,  spinning  gear  was  first 
introduced  into  the  Eocky  Mountain 
area  around  1949.  It  did  not  become 
common  on  Yellowstone  Lake  until  1953 
and  1954.  The  increase  in  catch  per  man- 
hour  by  shoreline  fishermen  after  1953 
shown  in  table  4  is  believed  to  have  been 
caused  partly  by  the  increase  in  use  of 
spinning  gear.  Spinning  gear  allows  an 
angler  to  cast  farther  from  shore  with 
lighter  lures.  The  introduction  of  newly 
designed  fishing  lures  may  also  have  in- 
fluenced catch  per  man-hour,  but  the 
amount  of  influence  is  unknown. 

Bulkley  (1961)  showed  that  growth 
rates  increased  from  1950  to  1956,  and  he 
could  only  attribute  this  increased  growth 
rate  to  decreased  stock  density.  Addi- 
tional data  presented  in  this  paper  support 


Table  5. — Percentage  distribution  by  2-week  periods  for  anglers,  catch,  and  catch  per  man-hour  of  shoreline 
and  Fishing  Bridge  rental  boats,  1954,  1955,  and  1956 

[Angler  and  catch  data  given  as  percentages] 


1954 

1955 

1956 

Two-week  period 

Anglers 

Catch 

Catch  per 
man-hour 

Anglers 

Catch 

Catch  per 
man-hour 

Anglers 

Catch 

Catch  per 
man-hour 

June  15-28 

18.1 
26.0 
18.5 
20.4 
7.9 
9.1 

87,  433 

19.5 
28.0 
20.0 
16.3 
10.2 
6.0 

137,  321 

0.97 
.79 
.44 
.39 
.32 
.24 

20.0 
25.3 
22.8 
12.7 
12.5 
6.7 

131,  358 

21.9 
25.7 
24.0 
12.3 
10.2 
5.9 

171,  988 

0.63 
.69 
.51 
.37 
.26 
.24 

16.3 
21.9 
17.4 
26.8 
12.5 
5.1 

160,  457 

23.1 
23.2 
21.2 
15.3 
13.4 
3.8 

147,  761 

0  62 

June  29- July  12.... 

62 

July  13-26 

40 

July  27-Aug.9 

28 

Aug.  10-23 

27 

Aug.  24-Sept.  6 

18 

Total  number.... 

Figure  2. — Availability  of  cutthroat  trout  to  shoreline  anglers  on  Yellowstone  Lake  (solid  line)  as 
compared  with  mean  monthly  lake  water  levels  from  June  to  August  (broken  line),  1951  to  1959. 
Lake  levels  in  feet  above  datum.  Relative  availability  index  from  Rounsefell  and  Everhart 
(1954,  p.  99). 


his  conclusion,  flitch  per  man-hour  has 
not  decreased  with  a  lower  stock  density, 
because  as  stock  density  has  decreased 
tear  efficiency  lias  increased.  Variations 
in  timing  of  the  spawning  period  and  in 
water  levels  have  further  clouded  the  rela- 
tion between  catch  per  man-hour  and  stock 
density.  These  factors  have  made  it 
impossible  to  utilize  catch  per  unit  of 
effort  as  a  reliable  index  to  the  condition 
of  the  stock  in  Yellowstone  Lake. 

Lengths 

Cope  (1953)  discussed  mean  total  length 
measurements  of  the  catch  from  1950  to 
1952  and  found  significant  variations 
among  years.  Lengths  from  1950  to  1961 
show  similar  variation  (table  6),  and   the 


causes  of  these  variations  are  shown  Later 
to  be  related  to  growth  rate,  age  composi- 
tion, and  year-class  strength.  The  sig- 
nificant point  on  length  data  is  that  most 
of  the  catch  during  all  years  was  between 
300  and  400  mm.  in  total  length.  The 
means  varied  from  336.7  to  357.8  mm.,  and 
the  means  plus  or  minus  one  standard  de- 
viation ranged  from  296.7  to  396.8  mm. 
Few  fish  were  caught  below  200  mm.  or 

above  500  mm.  'Thus  the  stock  available 
for  sport  fishing  exploitation  is  restricted 
to  a  relatively  small  length  range.     The 

maximum  length  is  limited  by  the  maxi- 
mum size  attainable  in  the  stock,  and  the 
minimum  length  is  limited  by  the  low 
availability  of  fish  below  275  mm. 


Age  composition 

The  scale  samples  from  Fishing  Bridge 
dock  have  been  assumed  to  represent  the 
entire  northern  area  stock.  Several  scale- 
sample  collections  from  fishing  areas  other 
than  Fishing  Bridge  in  the  northern  area 
(e.g.  Lake  Dock,  Bridge  Bay)  were  com- 
pared with  the  Fishing  Bridge  samples, 
and  no  significant  differences  were  found. 
The  West  Thumb  dock  samples  have  been 
applied  to  the  entire  West  Thumb  stock 
for  the  same  reason. 

Table  6. —  Total  length  of  cutthroat  trout  caught 

from,  Yellowstone' Lake,  by  years,  1950  to  1961 

[In  millimeters] 


Number 

of  trout 

in  sample 

Mean 
total 
length 

Range  in  length 

Standard 

Year 

Mini- 
mum 

Maxi- 
mum 

deviation 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1,931 

1,063 

1,061 

711 

1,395 

1,946 

1,668 

634 

676 

2,349 

1,683 

2,478 

345.1 
343.2 
336.5 
345.7 
337.7 
343.6 
348.7 
353.3 
357.8 
353.9 
346.3 
344.2 

205 
215 
205 
195 
205 
200 
210 
205 
185 
215 
210 
225 

470 
455 
500 
470 
450 
505 
455 
455 
480 
470 
450 
460 

28.2 
39.3 
39.8 
39.5 
38.1 
38.7 
34.3 
33.5 
39.0 
38.4 
38.5 
36.2 

Bulkley  (1961)  analyzed  the  age  com- 
position of  the  catch  from  1950  to  1959, 
and  his  data  are  summarized  as  follows 
(table  7):  (1)  Age  groups  IV  and  V  make 
up  most  of  the  catch,  although  age  group 
III  was  significant  in  all  years;  (2)  there 
were  more  older  fish  caught  at  Fishing 
Bridge  than  at  West  Thumb  because  a 
large  part  of  the  former  fishery  is  depend- 
ent upon  a  spawning  concentration;  (3) 
relative  abundance  of  age  groups  in  the 
catch  from  both  areas  up  until  1957  was 
related  to  year-class  strength;  and  (4) 
there  were  fewer  fish  of  age  groups  VI 
and  VII  in  the  catch  after  1953  than  in 
earlier  years. 

The  difference  in  age  composition  be- 
tween the  West  Thumb  and  Fishing- 
Bridge  fisheries  is  of  a  seasonal  nature 
since  spawning  concentrations  are  largely 
dispersed  after  the  middle  of  July  (table 


8).  Up  until  July  11,  fish  of  age  groups 
V,  VI,  and  VII  are  much  more  common  at 
Fishing  Bridge  than  at  West  Thumb,  but 
there  are  no  consistent  differences  between 
areas  after  that  time.  Fish  of  age  groups 
II  and  III  increase  in  importance  as  the 
season  progresses,  owing  to  recruitment. 

Age  compositions  of  the  northern  area 
and  West  Thumb  catches  from  1950  to 
1961  are  presented  in  figure  3.  Before 
1956,  age  composition  of  the  northern 
area  catch  was  not  related  to  size  of  catch. 
The  1948  year  class  was  strong  at  age  IV 
and  weak  at  age  V.  The  1949  year  class 
contributed  strongly  at  age  III,  weakly  at 
age  IV,  and  strongly  at  age  V.  The  1950 
and  1951  year  classes  contributed  weakly 
at  ages  III  and  IV,  but  strongly  at  age  V. 
This  haphazard  entrance  of  age  groups  into 
the  catch  is  probably  indicative  of  a  lightly 
exploited  fishery.  It  also  indicates  varying 
rates  of  exploitation  during  these  years. 
Stroud's  (1948)  data  on  Norris  Reservoir 
in  Tennessee  showed  a  similar  lack  of 
trends,  and  this  reservoir  was  known  to  be 
lightly  exploited.  Ricker  (1954,  p.  583) 
described  similar  oscillations  for  multiple- 
age  spawning  stocks. 

Beginning  in  1956,  the  catch  of  age 
group  IV  fish  began  to  increase  signifi- 
cantly, and  this  trend  continued  until  1959. 
The  1953  year  class  entered  the  catch 
strongly  at  ages  IV  and  V.  The  1954  and 
1955  year  classes  entered  the  catch  strongly 
at  age  IV  but  weakly  at  age  V.  The  1956 
year  class  entered  the  catch  strongly  at 
age  III,  and  the  1957  year  class  entered  the 
catch  strongly  at  ages  II,  III,  and  IV. 
The  1958  year  class  also  entered  the  catch 
strongly  at  age  III. 

In  the  West  Thumb  fishery,  the  catch  of 
age  group  IV  fish  increased  steadily  from 
1953  to  1959,  which  coincided  somewhat 
with  the  increased  catch  during  those 
years.  The  1958  West  Thumb  catch  con- 
tained the  largest  recorded  number  of  age 
group  V  fish,  followed  by  3  years  with 
relatively  few   age   group   V   fish    in    the 
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Table  7. — Age  composition  of  catches  from  Fishing  Bridge  and  from  West  Thumb  docks,  by  years,  1950 

to  1961 


Year  of  capture  and  location 


Percent  in  age  group — 


III 


IV 


VI 


VII 


Mean 

age 
(years) 


Mean 
length 
(mm.) 


m-. 


Fishing  Bridge. 
West  Thumb... 


)51: 


Fishing  Bridge. 
West  Thumb ... 


)52: 


Fishing  Bridge. 
West  Thumb... 


353: 


)54: 


Fishing  Bridge. 
West  Thumb... 


Fishing  Bridge. 
West  Thumb... 


955: 


Fishing  Bridge. 
West  Thumb... 


J5fi: 


)f>? : 


Fishing  Bridge. 
West  Thumb... 


Fishing  Bridge. 
West  Thumb.. 


358: 


15'.): 


Fishing  Bridge. 
West  Thumb... 


Fishing  Bridge. 
West  Thumb... 


961: 


Fishing  Bridge. 
West  Thumb. _. 


Fishing  Bridge. 
West  Thumb... 


1.0 

(3.4 


2.0 
1.6 


3.0 

2.S 


5.9 
2.0 


7.4 
6.2 


1.0 
2.0 


8.1 
1.3 


3.2 
4.1 


.9 
1.7 


13.1 
34.2 


13.5 
33.9 


30.9 
32.8 


21.3 
30.0 


18.8 
28.5 


20.1 
32.0 


18.4 
30.5 


12.3 
13.5 


10.5 
13.3 


20.0 
20.2 


32.4 
29.7 


26.8 
27.1 


37.9 

24.8 


34.0 

40.7 


39.3 
37.4 


30.8 
43.5 


30.1 
44.0 


26.9 
39.4 


43.0 
46.2 


53.5 
47.4 


46.3 

48.5 


54.4 
68.0 


49.5 
53./ 


60.8 
59.2 


37.2 
30.4 


36.3 
21.3 


23.4 
22.0 


35.3 


39.3 
19.3 


41.3 
19.0 


33.6 
22.3 


30.8 
36.3 


17.4 
10.4 


14.6 
11.1 


11.5 
11.9 


10.1 
4.0 


13.5 
2.2 


3.4 


6. 1 

4.8 


4.4 
2.0 


8.7 
2.5 


4.2 
1.0 


2.0 
2.1 


4.0 
1.6 


.1 
.1 

.4 

1.4 


0.7 
.2 

.7 
.3 


1.4 


4.44 
3.92 


4.48 
3.90 


3.93 
3.87 


4.22 
3.96 


4.14 
3.82 


4.23 
4.06 


4.21 
3.94 


4.20 
4.26 


4.36 
4.28 


3.81 
3.88 


3.77 
3.76 


3.83 
3.82 


358.9 
338.2 


338.1 
323.6 


350.8 
331.8 


339.4 
332.0 


347.2 
339.0 


352.3 
344.0 


353.2 
353.3 


357.6 
358.0 


355.5 
353.2 


345.7 
347.4 


340.5 
345.4 


L'able  8. — Age  composition  of  catches  from  Fishing  Bridge  and  from  West  Thumb  docks  for  three  periods 

of  angling  season,  by  years,  1950  to  1959 


Year  and  location  of  catch 

For  period  June  15  to  July 
ll,1  percent  in  age  groups— 

For  period  July  12  to  August 
8,  percent  in  age  groups— 

For  period  August  9  to  Sep- 
tember 5,  percent  in  age 
groups— 

II,  III 

IV 

V,  VI, 
VII 

II,  III 

IV 

V.  VI, 
VII 

II,  III 

IV 

V,  VI, 

VII 

950: 

Fishing  Bridge 

6.2 
21.6 

1.7 
30.0 

13.4 
22.7 

31.6 
20.4 

14.1 
28.2 

5.5 
16.2 

12.3 
26.4 

6.0 
11.3 

4.6 
12.0 

9.7 
10.6 

32.6 
30.6 

18.1 
45.0 

37.8 
40.1 

42.4 
48.0 

25.3 

47.5 

26.0 
45.9 

36.9 

49.1 

46.4 
50.8 

45.6 
49.1 

58.9 
69.9 

61.2 

47.7 

80.1 
25.0 

48.8 
37.2 

26.0 
31.6 

60.6 
24.3 

68.5 
37.9 

50.8 
24.5 

47.6 
37.9 

49.7 
38.9 

31.4 
19.5 

21.0 
85.2 

29.5 
41.6 

42.5 
29.9 

25.8 
36.6 

30.7 
36.2 

50.4 
52.5 

34.5 
31.0 

20.3 
12.7 

32.5 

17.3 

20.9 
29.0 

43.8 
7.4 

27.4 
39.4 

43.5 
36.3 

37.6 
41.6 

39.8 
40.8 

28.8 
36.0 

45.4 
44.3 

57.2 
42.7 

46.5 
51.8 

54.5 
65.4 

35.1 
7.3 

43.1 
19.0 

14.0 
33.8 

36.6 
21.8 

29.5 
23.0 

20.7 
11.5 

20.0 
24.7 

22.5 
44.5 

20.9 
30.9 

24.5 
5.6 

32.6 
80.0 

31.7 
31.6 

50.4 
47.8 

39.2 
46.7 

45.5 
34.6 

49.2 
12.0 

55.3 
43.1 

33.6 
32.9 

41.9 
38.3 

29.-5 
46.0 

18.1 

West  Thumb 

8.0 

951: 

Fishing  Bridge 

13.0 

West  Thumb 

25.3 

952: 

Fishing  Bridge 

16.0 

West  Thumb 

19.2 

953: 

Fishing  Bridge . 

18.9 

West  Thumb 

15.0 

954: 

Fishing  Bridge 

25.0 

West  Thumb 

19.3 

955: 

Fishing  Bridge ...  

West  Thumb 

41.6 

21.7 
50.0 

17.9 
23.2 

18.5 
20.0 

71.9 
14.0 

51.8 

55.0 
36.4 

58.2 
50.0 

50.0 
36.0 

•      28. 1 
57.9 

6.6 

956: 

Fishing  Bridge _ 

23.3 

West  Thumb 

13.6 

957: 

Fishing  Bridge 

23.9 

West  Thumb.. 

26.8 

958: 

Fishing  Bridge. 

31.5 

West  Thumb.. 

44.0 

959: 

Fishine  Bridge 

0.0 

West  Thumb 

28.  1 

In  1950,  1951,  and  1952,  data  were  collected  from  May  30  to  July  11. 
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Figure  3. — Age  composition  of  the  northern  area  and  West  Thumb  catches,  1950  to  1961. 

lines  connect  year  classes. 


Slanting 


catch.  The  1953  year  class  contributed 
strongly  to  the  catch  at  ages  II,  III,  IV, 
and  V.  The  1955  year  class  contributed 
strongly  at  age  IV,  but  few  fish  were  left 
at  age  V  in  1960.  In  both  areas  the  general 
trend  has  been  an  increase  in  the  precent- 
age  of  fish  of  ages  II,  III,  and  IV  in  the 
catch  and  a  decrease  in  fish  of  age  groups 
VI  and  VII. 

Maturity 

Knowledge  of  the  maturity  of  the  catch 
is  necessary  for  management  of  this 
fishery  because  the  length  range  of  the 

12 


catch  is  small,  the  age  composition  of  the 
catch  and  spawning  runs  are  similar,  and 
it  is  essential  to  preserve  adequate  spawn- 
ing stocks  for  natural  reproduction.  A 
mature  fish  by  our  definition  is  one  which 
has  spawned  previously,  is  spawning,  or 
will  spawn  in  the  year  of  capture. 

The  maturity  of  the  catch  was  deter- 
mined by  direct  observation  of  fish  caught 
before  July  15,  when  the  stage  of  maturity 
could  be  easily  distinguished.  Maturity 
of  the  entire  season's  catch  was  determined 
by  adding  a  growth  increment  as  explained 


in   appendix   B.      Most   of   the   catch   is 
mature    fish    with    percentages    by    year 
|  ranging  from   G4.26    to   84.76    (table   9). 
This  condition  would  be  expected  since  so 
much  fishing  is  dependent  upon  spawning 
concentrations.     Cutthroat  trout  in  Yel- 
lowstone Lake  become   available   to   the 
fishery  at  only  a  slightly  smaller  size  than 
when  they  enter  the  spawning  runs.    These 
data  on  maturity  disagree  partially  with 
the  fishing  and  natural  mortality  rates  in 
the  lake  obtained  from  tagging  of  spawners 
by  Ball  and  Cope   (1961).     They  calcu- 
lated the  fishing  mortality  of  postspawners 
from  spawning  streams  to  be  a  maximum 
of  15.2  percent,  and  their  data  indicate 
that  the  fishery  is  dependent  almost  en- 
tirely on   prespawning  fish.     Their  term 
"prespawners"    must    include    immature 
fish,  mature  fish  on  their  initial  spawning 
migration,    and   fish   that   have   spawned 
previously.     Tagging  mortality  after  the 
trout  left  the  spawning  stream  was  not 
evaluated  in  that  study.     A  comparison 
of  returns  to  spawning  runs  of  2,561  tagged 
and  3,928  fin-clipped  spawners  in  Arnica 
Creek  in  1952  and  1953  showed  that  tagged 
fish  experienced  an  average  of   171   per- 
cent higher  apparent  mortality  than  fin- 
clipped    fish.      This     discrepancy    would 
explain  the  low  number  of   tagged  post- 
spawners that  were  recovered  in  the  catch. 

Table  9. — Percentage  of  mature  fish  in  the  catch 
at  Fishing  Bridge  and  at  West  Thumb  docks,  by 
years,  1950  to  1961 


Year 

Percent  mature  in 
catch  at— 

Mean 

Fishing 
Bridge 

West 
Thumb 
docks 

percent 
mature 

1960 

84.31 
75.71 
67.52 
74.34 
70.91 
71.93 
79.65 
84.76 
82.95 
80.39 
76.87 
71.83 

65.70 
66.89 
66.81 
64.53 
64.26 
71.76 
75.54 
78.74 
82.81 
76.88 
74.49 
73.55 

75  01 

1951 

71  30 

1952 

67  17 

1953 

1954 

67  59 

1955 

71  85 

1956 

77  59 

1957 

81  75 

1958 

1959 

78  64 

1960... 

75  68 

1961... 

72  69 

CHANGES   IN   THE   POPULATION 

Measurements  of  growth  rates,  spawn- 
ing runs,  mortality  rates,  and  year-class 
strength  are  available  on  the  Yellowstone 
Lake  cutthroat  stocks  from  1945  to  1961. 
This  section  discusses  the  fluctuations  in 
these  measurements  with  respect  to 
whether  they  were  caused  by  fishing  or  by 
natural  fluctuations  in  abundance. 

Growth  rate 

Bulkley  (1961)  studied  growth  rate  of 
cutthroat  trout  from  Yellowstone  Lake 
from  1946  to  1958.  These  data  can  be 
briefly  summarized  as  follows:  (1)  All 
growth-rate  changes  appeared  to  be 
caused  by  differences  in  stock  density; 
(2)  growth  rates  of  fish  from  different 
parts  of  the  lake  were  similar  from  1953 
to  1955;  (3)  growth  rates  were  similar  for 
both  sexes;  (4)  the  long-term  trend  showed 
an  increase  in  growth  to  1956  and  a 
leveling  off  in  1957  and  1958;  (5)  the  in- 
crease in  rate  of  growth  occurred  only 
among  fish  of  age  groups  IV,  V,  and  VI, 
which  were  the  age  groups  most  heavily 
exploited  by  the  fishery. 

In  the  present  study,  data  on  growth 
rate  from  1958  to  1960  were  included,  and 
all  data  were  separated  by  area  (fig.  4, 
app.  C).  The  increase  in  growth  was 
consistent  for  combined  age  groups  with 
a  leveling  off  from  1956  to  1958  followed 
by  a  drop  in  1959.  The  northern  area 
stock  showed  another  increase  in  1960. 
When  growth  rate  is  compared  with  data 
on  age  composition  of  the  catch  (fig.  3), 
size  of  catch  (table  3),  and  mortality  rates 
presented  later,  the  reason  for  the  drop  in 
mean  growth  rate  in  1959  becomes  appar- 
ent. Extremely  heavy  exploitation  of  the 
1955  year  class  at  age  IV  occurred  in  1959 
which  removed  both  slow-  and  fast- 
growing  fish  and  almost  eliminated  this 
year  class  from  the  stock.  Samples  from 
years  previous  to  1959  contained  a  larger 
percentage  of  fast-growing  fish  and  are 
not   directly   comparable   with    the    1959 
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sample.  The  very  large  catch  in  1958 
and  1959  also  caused  an  increase  in  growth 
rate  of  fish  of  age  groups  II  and  III, 
particularly  in  the  northern  area. 

When  growth  rate  for  combined  age 
groups  is  plotted  with  the  catches  for  the 
northern  area  and  for  West  Thumb  (fig. 
5).  it  can  be  seen  that  the  increase  in 
growth  rate  was  closely  related  to  size  of 
the  catch.  Only  a  decreased  stock  density 
could  explain  this  relation.  For  yield 
considerations  we  have  assumed  that  the 
optimum  growth  rate  for  the  catchable 
stock  in  this  environment  was  reached 
during  the  period  from  1956  to  1959. 
Optimum  growth  rate  by  our  definition 
means  the  maximum  sustained  growth 
rate  that  can  be  attained  by  the  catchable 
stock  in  Yellowstone  Lake  under  present 


environmental  conditions.  Growth  rate 
of  the  northern  area  stock  was  higher  in 
1960  than  this  optimum  level,  but  it  is 
questionable  whether  this  high  rate  of 
growth  can  be  maintained.  We  have 
assumed  that  optimum  growth  rate  was 
reached  in  1956  because  the  growth  rate 
did  not  continue  to  increase  in  spite  of 
large  increases  in  the  catch  from  1957  to 
1959.  A  further  decrease  in  stock  density 
occurred  during  this  period  because  of  the 
recruitment  of  several  weak  year  classes 
to  the  fishery,  heavy  exploitation  of  these 
year  classes,  and  a  reduction  in  size  of 
several  spawning  runs. 

An  increase  in  growth  rate  may  be 
undesirable  if  it  is  not  accompanied  by 
earlier  age  of  maturity,  as  heavy  exploita- 
tion    of    prespawning    fish     can     result. 


1947      1948     1949     1950      1951 


1952      1953     1954     1955      1956     1957     1958      1959     I960 

YEAR 


Figure  4.     Percentage  deviation  from  mean  growth  rate  by  year  for  northern  area  (solid  line)  and 

West  Thumb  (broken  line),  1947  to  1960. 
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0        o 


-10  -5  0  +5  +10  +15 

GROWTH    RATE,  PERCENT    DEVIATION  FROM  MEAN 

Figure  5. — Growth  of  fish  from  West  Thumb  and  northern  area  compared  with  catch  tor  same  year. 
Growth  rates  expressed  as  percentage  deviation  from  mean  of  all  age  groups.  Regression  lines 
calculated  to  show  trend. 


Availability  by  length  has  been  rather 
constant  in  this  fishery.  There  has  been 
no  evidence  that  fish  are  maturing  at  an 
earlier  age.  Earlier  maturity  may  be- 
come more  evident  in  the  future  since 
fish  of  age  groups  II  and  III  showed  an 
increased  growth  rate  in  1958,  1959,  and 
1960.  Later  in  this  report  we  show  that 
the  increase  in  growth  rate  of  these  age 
groups  did  not  occur  until  overfishing 
commenced,  which  suggests  that  exploita- 
tion of  prespawners  should  not  be  exces- 


sive if  the  stock  is  managed  at  equilibrium 
yield. 

It  may  be  expected  that  the  increase  in 
growth  rate  in  recent  years  would  be 
accompanied  by  an  increase  in  condition 
factor  (K).  Condition  factor  has  been 
used  occasionally  as  an  index  of  stock 
density  on  the  assumption  that  reduced 
density  would  allow  increased  growth  in 
weight  as  well  as  length.  MacGregor 
(1959)  found  that  condition  factor  was  a 
valuable  measure  of  population  size  of  the 
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Pacific  sardine.  Condition  of  Yellow- 
stone Lake  cutthroat  varied  so  much  with 
stage  of  maturity,  sex,  size,  and  time  of 
year  that  no  segment  of  the  fishable  stock 
or  the  catch  could  be  measured  adequately 
to  determine  variations  in  condition  factor. 

Spawning  runs 

The  size  of  the  spawning  runs  in  six 
tributary  streams  has  been  measured  each 
year  since  1945,  except  for  a  few  yeats. 
The  sampled  streams  are  in  different  areas 
of  the  lake  (see  fig.  1),  but  their  relation 
to  the  total  spawning  population  is 
unknown.  Ball  and  Cope  (1961)  found  14 
major  and  26  minor  tributaries  to  Yellow- 
stone Lake,  and  the  sampled  streams  are 
all  major  by  their  classification.  Contri- 
butions from  small  tributaries  to  the  lake 
stock  undoubtedly  fluctuate  greatly  be- 
cause wave  action  often  dams  the  mouths 
of  small  streams  with  sand  spits,  and 
stream  flow  percolates  through  the  gravel. 
Both  postspawners  and  immatures  are 
trapped  behind  the  sand  spits  as  they 
attempt  to  move  toward  the  lake,  and 
mortality  is  undoubtedly  high.  Sand 
spits  never  block  the  mouths  of  the  major 
tributaries,  although  a  large  lagoon  at  the 
mouth  of  Arnica  Creek  frequently  be- 
comes cut  off  from  the  lake  during  the  late 
summer  in  low-water  years. 

The  location  of  the  sampled  streams 
subjects  the  postspawners  to  different 
rates  of  fishing  pressure.  Ball  and  Cope 
(1961)  found  that  the  average  fishing 
mortalities  in  the  1949-53  period  for  the 
five  streams  were  as  follows:  Pelican,  12.2 
percent;  Arnica,  9.3  percent;  Clear,  9.4 
percent  (1953  only);  Grouse,  3.7  percent; 
and  Chipmunk,  5.2  percent.  Evidence 
presented  earlier  suggests  that  the  true 
fishing  mortalities  are  higher  than  the 
percentages  shown  above,  but  the  ratios 
among  streams  are  probably  correct. 

Some  characteristics  of  all  spawning 
runs  are  as  follows:  (1)  Horning  of  adults 
is  strong,  since  96.8  percent  of  the  returns 
from  a  tagged  sample  of  17,836  fish  were 


later  recovered  in  the  same  stream  as 
tagged  (Ball,  1955);  (2)  homing  of  im- 
matures is  present,  since  19.9  percent  of 
644  fin-clipped  trout  returned  to  the  same 
stream  as  marked  and  none  to  any  other 
sampled  stream;  (3)  differences  in  time  of 
migration  by  stream  or  season  are  related 
to  water  levels  and  temperatures  (Cope, 
1956);  (4)  each  stream  has  a  consistent 
annual  pattern  of  spawning  migration; 
and  (5)  age  groups  IV  and  V  include  most 
spawn ers  although  Ill's  were  important 
in  some  years  (table  10). 

Reliable  data  on  the  amount  of  fishing 
pressure  exerted  on  prespawners  and  their 
movements  in  the  lake  are  not  available. 


Table  10. — Age  composition  of  spawning  runs  in 
five  tributaries  of  Yellowstone  Lake,  by  years, 
1949  to  1961 


Stream  and  year 

Percent  in  age  group- 

Ill 

IV 

V 

VI 

VII 

Pelican  Creek: 
1949 

3.4 
4.6 
2.5 
14.3 
8.3 
5.6 
6.6 
6.2 
2.9 
3.0 
2.1 
4.7 
7.1 

11.4 

16.6 

11.1 

11.5 

8.4 

9.8 

2.9 

1.9 

4.3 

17.5 

9.2 

1.8 
.4 
.2 

1.9 
.7 
.9 

2.7 

2.5 
.4 
.2 

1.0 
.5 

1.3 

0 

4.0 
0 
0 

0 
0 
5.3 

79.4 
59.6 
55.4 
60.3 
62.8 
55.6 
57.9 
60.6 
73.2 
65.0 
71.2 
60.6 
54.5 

45.3 
49.3 
58.9 
37.5 
61.5 
55.8 
41.0 
30.7 
62.6 
66.1 
66.7 

41.0 

38.0 
39.2 
46.1 
37.0 
31.8 
66.8 
44.1 
43.6 
36.4 
34.8 
47.7 
44.8 

55.2 
63.4 
24.4 
50.6 

60.7 
58.3 
75.9 

16.6 
30.3 
38.1 
22.0 
25.6 
35.2 
32.0 
31.7 
23.6 
32.0 
23.3 
31.8 
36.9 

32.2 
32.5 
29.0 
47.5 
28.8 
31.9 
53.7 
59.9 
32.2 
13.4 
23.2 

47.7 
48.6 
45.8 
38.6 
36.5 
40.9 
24.9 
40.1 
48.6 
56.0 
48.4 
48.8 
49.9 

43.4 

28.9 
59.4 
42.8 

35.2 
33.3 
18.8 

0.6 
4.3 
4.0 
2.7 
2.6 
3.7 
3.4 
1.5 
.3 
0 

3.4 
2.5 
1.5 

10.4 
1.6 
1.0 
3.5 
1.3 
2.5 
2.4 
6.5 

.9 
3.0 

.9 

6.3 

12.0 

12.9 

12.2 

23.2 

20.6 

4.8 

11.9 

6.3 

6.9 

5.8 

2.7 

3.2 

1.4 
3.3 
13.5 
6.6 

4.1 

7.8 
0 

0 

1950. 

1.2 

1951.  . 

0 

1952... 

.7 

1953 

.6 

1954 

0 

1955 

.1 

1956.  . 

0 

1957... 

0 

1958. -. 

0 

1959... 

0 

1960 

.3 

1961 

0 

Arnica  Creek: 
1951 

.7 

1952. 

0 

1953 

0 

1954 

0 

1955 

0 

1956 

0 

1957 

1958 

1959 ... 

0 

1.0 

0 

1960 

0 

1961 

0 

Chipmunk  Creek: 
1949 

3.2 

1950 

1.0 

1951 

1.9 

1952 

1.2 

1953 

2.5 

1954 

5.7 

1955 

.8 

1956... 

1.4 

1957... 

1.1 

1958.-- 

.5 

1959-.- 

0 

1960- . 

.3 

1961- 

.8 

Grouse  Creek: 

1952-  .        

0 

1953.-. 

0 

1954    . 

2.7 

1955. 

0 

Clear  Creek: 

1953 

0 

1954. 

.6 

1955.  - 

0 
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We  expect,  from  data  on  homing,  that 
prespawners  produced  in  a  stream  near 
an  area  of  heavy  fishing  pressure  will  be 
subjected  to  a  greater  rate  of  exploitation 
than  those  produced  from  a  stream  in  an 
area  of  low  fishing  pressure.  Accord- 
ingly, the  prespawners  from  Pelican  Creek 
are  subjected  to  greater  fishing  pressure 
than  those  from  Chipmunk  Creek.  It 
is  probable  that  the  differences  in  fishing 
mortalities  of  postspawners  for  the  five 
sampled  streams  presented  above  could 
be  applied,  in  general,  to  prespawners. 
Characteristics  of  each  spawning  stream 
were  described  by  Ball  and  Cope  (1961), 
and  the  differences  in  the  spawning  stocks 
among  streams  are  discussed  below. 

Arnica  Creek 

Arnica  Creek,  one  of  the  smallest 
streams  studied,  had  spawning  runs  rang- 
ing from  1,755  in  1959  to  6,200  in  1954 
(table  11).  Spawning  migrations  were 
spread  over  a  period  of  about  30  days,  and 
large  runs  showed  migration  patterns 
similar  to  those  of  small  runs.  Age  groups 
IV  and  V  were  most  important,  but  Ill's 
were  common  from  1951  to  1954  (table 
10).  Bulkley  (1961)  found  that  strong 
year  classes  were  produced  in  1949,  1951, 
and  1953,  and  weak  year  classes  in  1948 
and  1955.  No  regular  cyclical  patterns  of 
year-class  strength  were  noted.  A  clear 
understanding  of  Arnica  Creek  year-class 
strength  is  obscured  because  the  large 
lagoon  at  the  mouth  is  occasionally  cut  off 
from  the  main  lake  in  August;  this  factor 
probably  influences  the  survival  rate  of 
immatures  leaving  the  stream.  In  1960 
and  1961  it  was  observed  that  the  outlet 
of  Arnica  lagoon  was  cut  off  from  the  lake 
in  the  spring,  and  this  prevented  spawners 
that  had  wintered  in  the  lake  from  enter- 
ing Arnica  Creek  until  after  a  significant 
part  of  the  spawning  run  had  migrated 
upstream.  The  early  part  of  the  run  must 
have  been  composed  of  spawners  that 
wintered  in  the  lagoon.  This  lagoon  has 
probably  been  cut  off  in  previous  years  and 


has   influenced   mortality   rates   of   both 
adults  and  immatures. 

It  is  not  possible  to  relate  the  effects  of 
increased  catch  to  Arnica  Creek  spawning 
runs  precisely,  but  the  low  runs  in  1959, 
1960,  and  1961  could  be  attributed  only 
to  the  heavy  catches  in  West  Thumb. 
Effects  of  fishing  were  strong  in  the  1960 
run  as  shown  by  the  few  fish  of  age  group 
V  present. 

Table    11. — Annual  counts   of  spawners   in  six 
tributaries  of  Yellowstone  Lake,  19^5  to  1961 


Year 

Pelican 
Creek 

Clear 
Creek 

Chip- 
munk 
Creek 

Grouse 
Creek 

Cub 

Creek 

Arnica 
Creek 

1945 

1946 

1947 

1949 

22, 297 
14, 588 
19,  613 
32,  431 
15, 076 
9,423 
7,953 
12, 413 
10, 340 
12,400 

13, 123 

16,429 
23, 211 
7,274 
10,  459 
16,  879 
10, 269 
10, 323 
3,161 
7,929 

13, 589 
22, 496 
11,107 
13,  580 
12, 255 
12,  585 
9,989 
7,836 
5,371 
3,880 

13, 264 
6,171 
8,158 

11,790 
9,635 

12, 188 
6,949 
7,441 
3,756 

6,864 
11,  027 
11, 344 

1950 

1951 

1952 

1953 

1954 

1955 

1956 

2,179 
2,676 
2,056 
3,848 
3,446 
2,558 

3,881 
4,755 
3,523 
4.524 
6,200 
4,700 
3,912 

1957 

1958 

1959 

1960 

1961 

17,500 
7,259 

22, 198 
3,363 

15,  568 

8,398 
9,355 
3,353 

~~Mi9~ 

9,605 
8,922 
6,225 
3,456 
4,382 

~i3,~462~ 
7,330 
10,  570 
4,235 

2,976 
1,747 
7,257 

~~5~087~ 

3,812 
4,041 
1,755 
2,346 
2,090 

Pelican  Creek 

Pelican  Creek  has  the  largest  spawning 
run  of  the  streams  sampled,  and  its  post- 
spawners are  subjected  to  the  greatest 
fishing  pressure.  The  number  of  spawners 
ranged  from  3,363  in  1960  to  32,431  in 
1949.  Strong  year  classes  were  produced 
in  1949,  1953,  1955,  and  1958.  Weak  year 
classes  were  produced  in  1948,  1952,  and 
1956.  Bulkley  and  Benson  (1962)  found 
a  high  positive  correlation  between  strong 
year  classes  in  Pelican  Creek  and  low 
water  levels,  and  developed  a  formula  for 
prediction  of  year-class  strength  based  on 
water  levels  during  the  period  of  spawning 
and  incubation.  With  the  great  impor- 
tance of  stream  water  levels  to  year-class 
strength,  a  close  relation  between  size  of 
escapement  and  year-class  strength  cannot 
be  expected. 

The  minimum  escapement  necessary  for 
Pelican  Creek  varies  annually  with  en- 
vironmental conditions,  which  emphasizes 
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the  danger  of  maintaining  escapement  at  a 
low  level.  A  small  escapement  may  be 
able  to  produce  an  average  year  class  if 
environmental  conditions  are  favorable, 
whereas  the  same  amount  of  escapement 
in  a  year  of  unfavorable  conditions  may 
produce  practically  no  progeny.  To  as- 
sure adequate  reproduction,  Pelican  Creek 
spawning  runs  should  not  go  below  7,000 
fish,  and  should  be  above  10,000  fish. 
The  small  1960  spawning  run  of  3,363  fish 
was  attributed  to  the  very  heavy  catch  in 
1959  and  is  considered  to  be  much  too  low 
to  assure  the  production  of  a  strong  year 
class. 

Clear  and  Cub  Creeks 

The  spawning  migrations  in  Clear  and 
Cub  Creeks  are  delayed  more  than  those 
in  the  other  streams  studied  because  of 
low  stream  water  temperatures.  This 
condition  allows  heavier  exploitation  of 
prespawners  during  the  first  few  weeks  of 
each  angling  season  because  the  fish  are 
concentrated  in  the  lake  around  the 
stream  outlets. 

There  are  not  enough  data  to  relate 
catch  to  size  of  spawning  runs  accurately 
for  these  streams.  The  runs  in  Clear 
Creek  have  been  low  since  1952  (table  11). 
The  Cub  Creek  spawning  runs  were  low 
from  1950  to  1958,  but  a  large  number  of 
trout  were  counted  in  1959.  The  trend 
in  both  of  these  streams  has  been  down- 
ward, and  it  is  undoubtedly  related  to 
increased  catch. 

Chipmunk  and  Grouse  Creeks 

Chipmunk  and  Grouse  Creeks  are  in  the 
south  end  of  the  lake  where  fishing  pressure 
is  light,  although  most  recoveries  of  tagged 
postspawners  were  in  West  Thumb,  with  a 
few  in  the  northern  area.  Both  these 
streams  have  an  unusually  high  percentage 
of  fish  of  age  group  V  in  each  spawning  run 
(table  10),  and  Bulkley  (1961)  suggested 
that  recruitment  into  spawning  runs  may 
not  be  completed  until  age  V.  Thus,  any 
increase  in  the  catch  of  age  group  IV  fish 
(see  fig.  3)  would  influence  these  spawning 


runs  to  a  greater  degree  than  the  other 
study  streams.  The  trend  in  Chipmunk 
has  been  downward  since  1952  (table  11). 
Bulkley  and  Benson  (1962)  related  year- 
class  strength  in  Chipmunk  to  various 
environmental  factors.  Good  production 
can  be  expected  if  water  levels  are  low  and 
relatively  stable  during  the  incubation 
period,  and  if  spawner  numbers  are  ade- 
quate. An  escapement  of  4,600  fish 
appears  to  be  suitable. 

Weak  year  classes  are  produced  in  years 
when  lake  water  levels  are  high  or  fluctuate 
widely  during  June  and  July^  even  when 
spawning  runs  are  large.  The  low  spawn- 
ing run  in  1960  resulted  from  an  overex- 
ploited  1955  year  class  and  a  weak  1956 
year  class.  The  1955  year  class  was 
abundant  because  environmental  condi- 
tions were  ideal  for  high  production  in 
1955  and  the  escapement  was  not  too  low, 
but  the  large  catch  of  age  group  IV  fish  in 
1959  caused  overexploitation  of  this  year 
class  before  many  of  the  fish  reached  ma- 
turity. Grouse  Creek  data  are  scanty, 
and  no  definite  conclusions  can  be  made. 

Mortality  rates 

Mortality  rates  for  Yellowstone  Lake 
cutthroat  have  been  determined  from  tag- 
ging studies  and  from  catch  curves.  Ball 
and  Cope  (1961)  calculated  mortality  rates 
from  returns  of  tagged  spawners  in  Yellow- 
stone Lake  from  1949  to  1953.  Their 
figures  on  fishing  mortality  rates  of  post- 
spawners averaged  8.2  percent  and  ranged 
from  2.2  to  15.2  percent.  Their  data 
indicate  that  most  of  the  catch  must  come 
from  prespawners.  They  did  not  con- 
sider the  differential  mortality  between 
tagged  and  untagged  fish  in  the  lake,  as 
explained  earlier,  and  the  average  of  8.2 
percent  fishing  mortality  was  probably 
low. 

Catch  curves  are  obtained  by  plotting 
the  logio  frequency  of  occurrence  of  fish 
in  the  catch  against  age.  Total  instan- 
taneous mortality  rate  can  then  be 
obtained  by  determining  the  natural  loga- 
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rithm  of  the  difference  in  number  of  fish 
caught  from  two  consecutive  age  groups. 
A  catch  curve  from  1  year's  data  is  only 
valid  for  computing  mortality  and  survival 
rates  if  year-class  strength  remains  rela- 
tively stable  from  year  to  year.  This 
assumption  could  not  be  met  in  Yellow- 
stone Lake,  as  wide  fluctuations  in  year- 
class  strength  occur.  Catch  curves  of 
individual  year  classes  are  difficult  to 
interpret  because  contributions  of  a  year 
class  to  the  catch  at  different  ages  is 
influenced  both  by  the  size  of  the  catch 
in  different  years  and  by  strength  of  neigh- 
boring year  classes.  We  have  used  year- 
class  catch  curves  to  calculate  total 
instantaneous  mortality  rates.  These 
should  not  be  interpreted  as  actual  values, 
as  both  catch  and  year-class  strength 
varied  annually  in  the  fishery.  They  have 
been  included  only  to  illustrate  the  changes 
which  occurred  between  the  times  the  1946 
and  1956  year  classes  entered  the  catch. 

Mortality  rates  of  fish  in  age  groups  IV 
and  V  were  computed  from  catch  data 
for  West  Thumb  and  the  northern  area 
presented  in  appendix  E.  Mortalities  of 
age  groups  II  and  III  were  not  calculated 
owing  to  incomplete  recruitment  of  these 
age  groups  to  the  fishery.  The  catch- 
curve  data  and  resultant  mortality  rates 
for  the  northern  area  are  a  more  reliable 
index  of  stock  conditions  than  those  from 
West  Thumb.  The  West  Thumb  stock 
is  composed  of  fish  from  many  spawning 
streams  which  differ  considerably  from 
each  other  in  year-class  strength  and  in 
seasonal  recruitment  to  the  fishery.  Hence 
in  any  given  year  the  catch  may  have  a 
different  proportion  of  fish  from  a  par- 
ticular stream  than  in  the  previous  or 
ensuing  years.  The  northern  area  stock 
is  derived  principally  from  the  Yellow- 
stone River  and  Pelican  Creek,  which  are 
similar  in  relative  year-class  strength  and 
in  seasonal  recruitment  to  the  fishery. 

For  the  northern  area,  mortality  rates 
of  age  group  IV  fish  were  grouped  rather 


close  together  and  remained  below  0.5 
until  the  catch  exceeded  200,000  fish  in 
1958  (tables  3,  12).  Mortalities  at  this 
age  for  later  year  classes  varied  from  0.845 
to  1.637.  Mortality  rates  of  age  group  V 
remained  very  close  to  2.0  prior  to   the 

1952  year  class  but  with  much  less  fluc- 
tuation than  age  group  IV.     Rate  for  the 

1953  year  class  jumped  to  5.812  with  the 
1958   catch   and   remained   high    for   the 

1954  year  class  also. 

Table  12. — Instantaneous  total  mortality  in  cut- 
throat trout  of  age  groups  IV  and  V  from  northern 
area  and  from  West  Thumb,  by  year  classes, 
1946  to  1956 


Year  class 

X or t hern  area 

West  Thumb 

Age  IV 

Age  V 

Age  IV 

Age  V 

1946 

0.017 
.233 
.3S1 

« 

0) 

0) 
.310 
.184 
.845 

1.  637 

1.402 

2.228 
1.618 
1.948 
1.251 
2.  332 
2.798 
1.886 
5.812 
4.096 
(2) 

0.059 

.411 

1.139 

.488 

.463 

.470 

.177 

.183 

1.  432 

2. 123 

1.385 

1.574 

1947 

1948 

1949 

2.044 
1.960 
1.687 

1950— 

2.  845 

1951 

2.299 

1952 

1953 

1954 

2.990 
5.741 
2.314 

1955.  . 

4.589 

1956 

i  Mortality  not  calculated  owing  to  recognized  sampling  error. 
More  V's  than  IV's  were  sampled  from  the  catch. 
-'  Xo  age  group  VI  fish  in  sample  of  1961  catch. 

In  West  Thumb,  total  instantaneous 
mortality  of  age  group  IV  did  not  exceed 
0.5,  with  the  exception  of  the  1948  year 
class,  until  the  catch  exceeded  100,000  fish 
in  1958.  From  1958  to  1960  the  mortality 
rate  for  age  group  IV  remained  well  above 
1.0  even  though  the  West  Thumb  catch 
dipped  to  85,953  fish  in  1960.  Mortality 
rates  for  age  group  V  fish  climbed  slowly 
and  somewhat  erratically  until  that  of  the 
1953  year  class,  which  was  almost  double 
the  mortality  of  the  previous  year  class 
with  a  value  of  5.741.  The  1954  year  class 
was  not  adversely  influenced  according  to 
these  data.,  hut  (he  1  <.i.v>  year  class  again 
experienced  high  mortality  at  age  \  . 

There  is  a  possibility  that  natural  mor- 
tality could  bave  varied  enough  to  in- 
fluence the  total  instantaneous  mortality 
pate,  which  comprises  both  natural  and 
Ashing   mortality.     The    major  source    of 
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natural  mortality  for  the  catchable-sized 
stock  is  that   associated   with   spawning. 
Ball  and  Cope  (1961)  determined  stream 
mortality     for     five     spawning     streams 
through  tagging  from  1949  to  1953.     Their 
estimates  from  all  streams  ranged  from 
23.0  to  94.9  percent  and  averaged  48.1 
percent.     This  range  gives  the  impression 
that   spawning   mortality    varies    greatly 
among  streams  and  among  years.     A  close 
examination    of    the    tag    returns    shows 
that    the    large    variations    among    years 
occurred  only  when  tag  returns  were  low, 
and  several  sources  of  error  could  have 
influenced  the  percentages,  as  mentioned 
by  the  authors.     The  data  from  1951  to 
1953  for  Arnica  and  Pelican  Creeks,  when 
the  percentages  of  tag  returns  were   the 
highest,  did  not  show  these  extreme  varia- 
tions since  mortality  rates  ranged  only  15 
percent  for  Arnica  and  9  percent  for  Peli- 
can.    The  Arnica  spawning  mortality  in 
1953  is  known  to  be  accurate  because  it 
agreed  closely  with  a  direct  count.     Thus, 
the  hypothesis  that  spawning  mortality 
in   any  single   stream   is   fairly   constant 
agrees  closely  with  the  above  mortality 
data  when  only  the  most  reliable  tagging 
data    are    considered.     The    high    total 
mortality  rates  for  the  1953  to  1955  year 
classes  must  have  been  due  to  increased 
catch  since  no  other  recognized  variable 
was  present  during  the  years  when  these 
year  classes  were  being  exploited.     The 
consistently  low  instantaneous  mortality 
rates  among  year  classes    1946   to    1952 
support  the  conclusion  that  increased  fish- 
ing mortality  caused  the  changes  observed 
in  the  later  year  classes. 

Year-class  strength  of  catch 

Bulkley  (1961)  analyzed  the  relative 
year-class  strength  of  the  northern  area 
and  West  Thumb  catches,  utilizing  the 
method  of  el-Zarka,  (1959)  which  is  based 
upon  the  percentages  of  all  age  groups 
from  each  year  class  that  enter  the  catch. 
A  summary  of  the  data  used  for  computing 
relative  year-class  strength  from  1944  to 


1957  is  presented  in  appendix  D.  In  the 
northern  area,  strong  year  classes  occurred 
in  1945,  1949,  1953,  and  1957,  or  at  4-year 
intervals  (fig.  6).  In  West  Thumb,  strong 
year  classes  were  produced  in  1947,  1952, 
1953,  1955,  and  1957.  A  large  annual 
variation  in  year-class  strength  in  both 
areas  was  especially  noticeable.  The  West 
Thumb  stock  varied  more  irregularly  than 
the  northern  area  because  it  is  derived 
from  many  spawning  streams  which  vary 
independently  in  year-class  strength  from 
year  to  year. 

There  is  no  indication  that  the  increased 
catch  from  1950  to  1961  adversely  influ- 
enced year-class  strength,  although  it  defi- 
nitely reduced  the  size  of  spawning  runs 
entering  most  of  the  study  streams.  The 
1960  spawning  run  of  3,363  fish  in  Pelican 
Creek  was  probably  closest  to  the  point 
where  escapement  became  the  limiting  fac- 
tor in  production  for  that  stream.  Addi- 
tional data  will  be  needed  for  each  spawn- 
ing stream  to  ascertain  the  level  of  escape- 
ment at  which  environmental  conditions 
are  no  longer  the  major  limiting  factor  in 
year-class  production,  although  this  rela- 
tion obviously  varies  annually  in  the  same 
stream  as  well  as  among  streams. 

The  increased  catch  introduced  a  bias 
into  the  estimates  of  relative  strength  of 
the  1954  and  1955  year  classes.  This  bias 
appears  in  the  el-Zarka  method  whenever 
the  catch  is  sufficient  to  reduce  the  size  of 
older  age  groups  in  the  population  and 
shifts  to  younger  age  groups.  The  1954 
year  class  is  probably  represented  in  figure 
6  as  being  slightly  weaker  than  it  actually 
was,  and  the  1955  year  class  is  definitely 
represented  as  being  too  weak. 

MAXIMUM  EQUILIBRIUM  YIELD 

Method 

Maximum  equilibrium  yield  has  been 
defined  by  Ricker  (1958a)  as  the  largest 
average  catch  which  can  continuously 
be  taken  from  a  stock  under  current  en- 
vironmental conditions.    Overfishing  com- 
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Figure  6. — Relative  year-class  strength  based  on  contributions  to  the  catch  of  all  age  group:- 
northern  area  (solid  line)  and  West  Thumb  (broken  line),  1945  to  1957. 


for 


mences  whenever  the  catch  surpasses 
equilibrium  yield.  For  Yellowstone  Lake, 
yield  is  considered  numerically  because 
it  can  be  administered  most  easily  on  this 
basis.  We  have  defined  overfishing  in 
this  stock  as  the  removal  of  so  many  fish 
that  the  following  conditions  exist:  (1) 
Growth  rate  remains  high,  but  the  mean 
size  and  mean  age  of  the  catch  decrease 
to  a  greater  extent  than  can  be  attributed 
to  variations  in  year-class  strength;  and 
(2)  the  spawning  stock  is  excessively 
reduced  by  the  catch.  This  definition  of 
overfishing  follows  the  more  generalized 
definition  of  Rounsefell  and  Everhart 
(1954)  with  the  addition  of  methods  for 
its  recognition  in  the  Yellowstone  stock. 


Miller  (1949)  studied  commercially  ex- 
ploited whitefish  populations  in  Alberta 
under  various  rates  of  exploitation  and 
observed  overexploitation  of  the  stock. 
He  was  able  to  determine  the  conditions 
that  preceded  and  ultimately  caused 
overfishing.  Overfishing  resulted  from 
overexploitation  of  the  old  age  groups 
which  caused  an  overabundance  and  slow 
growth  of  young  ago  groups.  In  his 
words,  "Overfishing  begins  when  decreas- 
ing average  age  overtakes  increasing 
growth  rate  and  before  decreased  yields  are 
evident".  In  that  fishery  overfishing  was 
evident  (but  not  recognized)  about  2 
years  before  collapse. 
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Nikolsky  (1953)  summarized  some  in- 
dices for  estimating  the  best  rate  of 
exploitation  of  fish  stocks  and  considered 
maximum  or  optimum  rate  of  growth  for 
the  species  in  the  environment  a  desirable 
goal. 

Ricker's  (1958a)  explanation  of  the 
relations  of  reproduction  curves  and  yield 
has  been  useful.  Several  ideas  of  Bever- 
ton  and  Holt  (1957)  were  considered, 
although  their  methods  could  not  be 
directly  applied.  Graham's  (1935)  ideas 
of  surplus  stock  and  yield  were  also  help- 
ful. The  use  of  a  mathematical  model  to 
express  the  stock  changes  was  attempted, 
but  insufficient  data  were  available  to  con- 
struct a  model  without  a  large  inherent 
error.  Several  limitations  of  applying 
mathematical  models  to  sport  fishery 
stocks  were  aptly  discussed  by  Watt 
(1959).  He  analyzed  a  smallmouth  bass 
population  by  several  of  the  accepted 
methods  and  concluded  that,  "The  form 
of  equations  for  use  in  predicting  and 
managing  complex  biological  phenomena 
must  be  dictated  by  the  ultimate  reality 
for  the  phenomenon,  the  data  themselves, 
not  by  a  priori  deductions." 

Our  method  for  estimating  yield  con- 
sists in  establishing  three  stages  of  exploi- 
tation from  our  knowledge  of  changes  that 
have  occurred  in  the  stock.  Equilibrium 
yield  was  estimated  by  fitting  catch  data 
to  these  stages.  The  method  requires 
long-term  data  and  provides  only  a  rough 
estimate  of  yield,  but  it  does  not  require 
the  voluminous  data  required  for  the 
development  of  an  accurate  mathematical 
model  (see  Watt,  1959,  p.  391).  Several 
of  the  criteria  used  in  this  method  can  be 
applied  to  many  sport  fishery  populations. 

During  the  first  stage  increased  catch 
reduces  stock  density,  and  growth  rate  in- 
creases to  f  its  optimum  level  for  the 
environment.  Mean  length  of  the  catch 
remains  stable,  but  mean  age  decreases. 
LJtilization  of  fish  foods  becomes  more 
efficient.     Total  instantaneous  mortality 
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rates  of  age  group  IV  trout,  as  determined 
from  year-class  catch  curves,  do  not 
exceed  0.5.  Adequate  spawning  stocks 
are  maintained.  The  most  efficient  pro- 
duction for  angling  purposes  is  attained  at 
the  maximum  catch  of  this  stage  and  is 
the  maximum  equilibrium  yield. 

In  the  second  stage  overfishing  coni- 
mences.  Decreasing  mean  age  of  the 
catch  overtakes  increasing  growth  rate  to 
a  greater  extent  than  can  be  attributed  to 
variations  in  year-class  strength.  Lower 
mean  age  of  the  catch  and  lower  mean 
lengths  result.  Fish  of  age  groups  II  and 
III  enter  the  catch  prior  to  the  time  they 
normally  do,  and  the  number  of  age 
group  IV's  greatly  exceeds  the  number  of 
Vs.  The  number  of  fish  caught  will 
remain  similar  to  the  first  stage  for  a  time, 
but  continued  removal  of  older  age  groups 
will  lower  the  total  catch  near  the  end  of 
the  stage.  Total  instantaneous  mortality 
rates  of  age  group  IV  trout,  as  determined 
by  year-class  catch  curves,  exceed  0.5. 
Older  groups  are  exploited  heavily  enough 
to  reduce  spawning  stocks  significantly, 
and  spawning  runs  show  a  lower  mean  age. 

The  third  stage  will  be  reached  when  the 
catch  removes  enough  of  the  sexually 
mature  fish  to  prevent  full  utilization  of 
the  suitable  spawning  and  rearing  sites. 
Production  of  immatures  will  be  reduced. 
Recovery  from  this  stage  will  require 
several  years  or  until  the  necessary  num- 
bers of  spawners  to  utilize  the  available 
spawning  facilities  are  restored  to  the 
stock. 

The  estimation  of  yield  by  these  stages 
follows  Ricker's  use  of  reproduction  curves 
to  calculate  yield  but  also  considers  growth 
rate,  lengths,  and  age  distribution  of  the 
catch.  It  was  not  possible  to  calculate 
a  reproduction  curve  for  the  lake  stock 
because  there  are  not  sufficient  data  to 
relate  size  of  escapement  to  recruitment. 
Data  from  Pelican  Creek  show  that  water 
levels  alone  accounted  for  94  percent  of 
the  variation  in  year-class  strength,  and 


Bulkley  and  Benson  (1962)  concluded 
that  environmental  factors  had  such  a 
strong  influence  on  production  that  an 
adequate  escapement  could  not  produce  a 
strong  year  class  unless  water  conditions 
were  favorable.  As  suggested  earlier, 
the  spawning  run  in  1960  for  Pelican 
Creek  is  too  low  for  adequate  seeding,  but 
the  minimum  level  of  escapement  neces- 
sary to  produce  a  good  year  class  varies 
with  environmental  conditions.  There 
is,  obviously,  a  low  limit  of  desirable 
escapement  for  each  stream  which  will  in- 
sure some  recruitment  even  with  adverse 
stream  conditions.  The  low  escapement 
in  several  streams  that  resulted  from  the 
increased  catch  during  1958  and  1959  is 
not  a  safe  condition  to  insure  adequate 
annual  recruitment. 

Calculation  of  estimated  equilibrium 
yield  and  analyses  of  changes  in  the  Yel- 
lowstone stock  in  relation  to  the  above 
stages  of  exploitation  are  discussed  below. 

Calculation  of  yield 

Northern  area  and  West  Thumb  stocks 
will  be  discussed  separately,  and  a  yield 
for  the  entire  lake  will  be  considered  later. 
Changes  in  stock  condition  as  related  to 
total  catch,  growth  rate,  mean  age  and 
length,  and  annual  catch  curves  are 
summarized  in  figure  7.  Annual  catch 
curves  illustrate  the  degree  of  exploita- 
tion when  analyzed  in  conjunction  with 
the  other  data,  including  year-class 
strength. 

In  the  northern  area  catch,  alKfluctua- 
tions  in  mean  age  and  length  before  1958 
can  be  attributed  to  differences  in  year- 
class  strength  and  to  the  increase  in 
growth  rate.  As  explained  earlier,  opti- 
mum growth  rate  was  reached  in  1956. 
The  drop  in  mean  length  and  age  in  1952 
was  due  to  a  large  number  of  fish  of  age 
group  III  in  the  catch  from  the  strong 
1949  year  class.  The  increase  in  mean 
length  from  1955  to  1958  was  due  to  the 
heavy  catch  of  age  groups  IV  and  V  and 
to  the  increase  in  growth  rate.     Mean  age 


changed  little  from  1955  to  1957,  but  both 
mean  age  and  mean  length  have  dropped 
consistently  from  1958  to  1961. 

Catch  curves  before  1959  were  flat  on 
top  because  age  groups  IV  and  V  were 
caught  in  approximately  equal  numbers. 
Some  fluctuations  among  age  groups  III, 
IV,  and  V  were  evident,  owing  to  varia- 
tions in  year-class  strength,  but  the  same 
general    pattern    was    maintained.     The 

1957  catch  curve  was  peaked  because  fish 
of  age  group  IV  from  the  strong  1953  year 
class  were  caught  in  large  numbers.     The 

1958  catch  curve  does  not  look  much 
different  from  those  of  previous  years, 
but  both  the  IV's  from  the  weak  1954  year 
class  and  the  V's  from  the  strong  1953 
year  class  were  exploited  heavily,  so  that 
few  V's  from  the  1954  class  and  VI's 
from  the  1953  year  class  were  caught  in 
1959.  Continued  heavy  catches  in  1959 
and  1960  of  the  IV's  and  V's  resulted  in 
catch  curves  for  1960  and  1961  that 
showed  exceptionally  heavy  exploitation. 
We  consider  an  annual  catch  curve  with 
a  steep  right  slope  after  age  IV  to  be 
indicative  of  heavy  exploitation  during 
the  previous  year  as  long  as  the  steepness 
is  not  the  result  of  variation  in  year-class 
strength.  In  1959,  1960,  and  1961  there 
were  many  age  group  Ill's  in  the  catch. 
This  exploitation  caused  a  low  moan  age 
in  1959,  1960,  and  1961,  and  a  drop  in 
mean  lengths  in  1960  and  1961.  The 
lower  mean  ages  and  lengths  in  1960  and 
1961  were  not  caused  by  year-class 
strength  but  by  overexploitation  of  the 
1955  and  1956  year  classes  in  1959  and 
heavy  exploitation  of  the  1957  and  1958 
year  classes  in  1960.  The  excessive  ex- 
ploitation reduced  the  1960  spawning  run 
in  Pelican  Creek  and  caused  overfish ing. 
Overfishing  commenced  somewhere  be- 
tween the  1957  catch  of  187,462  and  the 
1958  catch  of  219,036. 

In  the  West  Thumb  stock,  age  groups 
III,  IV,  and  V  were  more  equally  repre- 
sented in  the  annual  catch  curves  before 
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, — Data  from  northern  area  and  West  Thumb  collected  from  1950  to  1961,  including  relative 
class  strength,  total  catch,  relative  growth  rate,  mean  lengths,  mean  age,  and  annual  catch 


1958  because  the  fishery  is  not  heavily 
concentrated  on  a  spawing  population. 
The  changes  in  mean  lengths  and  mean 
ages  before  1958  can  all  be  explained  by 
variation  in  year-class  strength  which 
altered  ratios  of  age  groups  in  the  catch. 
Since  1958  the  mean  length  and  mean  age 
of  the  catch  have  dropped  each  year  as 
the  result  of  heavy  exploitation.  Low 
mean  lengths  in  1952,  1953,  and  1954 
were  due  to  a  large  number  of  Ill's  and 
few  V's  in  the  catch.  The  increase  in 
mean  length  from  1954  to  1958  was  due  to 


the  large  number  of  IV's  and  V's  in  the 
catch  and  to  increased  growth  rate.  The 
mean  age  dropped  in  1956  owing  to  the  J 
large  number  of  Ill's  from  the  strong 
1953  year  class.  In  1958  the  V's  from  the 
1953  year  class  and  I  V's  from  the  1954 
year  class  were  heavily  exploited,  and 
there  was  an  abrupt  drop  in  the  catch  of 
these  year  classes  in  1959.  The  heavy 
1959  catch  was  concentrated  on  the  I  V's 
from  the  1955  year  class,  and  there  were 
few  V's  caught  from  this  year  class  in 
1960.     As    in    the    northern    area,    West 
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Thumb  annual  catch  curves  had  a  steep 
slope  from  age  group  IV  to  age  group  VI 
after  the  1958  catch.  Both  the  Arnica 
Creek  and  Chipmunk  Creek  spawning 
runs  were  reduced  by  the  1959  and  1960 
catch.  The  West  Thumb  stock  was 
overfished  in  1958  with  a  catch  of  105,000 
fish. 

Catches  and  stages  of  exploitation  of 
of  the  lake  population  are  summarized 
as  follows: 


Catch  in- 


Year 


Northern 
area 


1957. 
1958. 


1959. 


187,  462 
219,  036 


250,  310 


181,  588 


1961. 


West 
Thumb 


Stage  of  exploitation 


be  expected  to  vary  from  about  290,000 
to  340,000  fish.  The  lowest  equilibrium 
yield  will  occur  when  age  groups  III,  IV, 
and  V,  the  principal  age  groups  in  the 
catch,  come  from  three  consecutive  weak 
year  classes,  and  the  highest  yield  will 
be  possible  when  these  three  age  groups 
come  from  three  strong  year  classes. 
Since  year-class  strength  varies  so  greatly 
among  different  streams,  it  is  doubtful 
whether  either  extreme  could  occur. 

The  catch  data  in  appendix  E  give 
some  information  on  the  approximate 
numbers  of  trout  that  were  caught  from 
year  classes  of  different  strengths  by  age 
group.  It  is  realized  that  this  informa- 
tion is  susceptible  to  large  error  since 
differences  in  total  catch  and  strength  of 
the  neighboring  year  classes  have  ma- 
terially influenced  these  figures.  It  would 
require  many  years  of  relatively  constant 
catch  to  determine  the  exact  influence  of 
year-class  strength  on  the  entry  of  age 
groups  into  the  catch  and  resultant  dif- 
ferences in  natural  mortality.  From  the 
available  catch-curve  data  the  hypotheti- 
cal number  of  fish,  in  thousands,  that 
could  be  caught  in  the  northern  area, 
without  overfishing,   has  been  estimated 

^       n  i  •             i     ,i     ,i            ,!  for  weak,  average,  and  strong  year  classes 
Overfishing  in  both  the  northern  area  ,.  ,  ,    in        -^     i  ,      A \ 
a     if         m,        i                         t  (table  13).     Each  annual  catch  curve  con- 
ana     West     I  numb    commenced    at    an  r .       n  ,  - 

i  ,  ,    ,       ,  .     ,___,  ,  ,.<  tarns  five  or  more  year  classes  or  various 

unknown  catch  level  in  1958  between  the  L         ^  i    .i        ,  e  ^  i 

1957  and  the  1958  catch.     We  know  that  st™gths-   ™d  «*  *»P»  of  the  anmlld 

.1  i  ,,      1A„       ,  ,  catch  curves  will  oscillate,  even  with  an 

the  year  classes  in  the   1957  catch  were  .,.,    .  •  A       '  ,.  u 

Ml  „  .1         ,1  ,,       1Aro        .  ,  equilibrium    catch.     Overfishing    can    be 

stronger   than   those   in   the    1958   catch,  H        .  ,     .„  .,      f        u 

i     .  ,    i   .  ,  -       .,  .  recognized  only  it  strength  ot   each  year 

but  we  cannot  determine  when  the  equi-  ,     6.     „         f .  .  .  ,       , 

librium    was    surpassed    in    1958.     Our  ctem  the  catch  curve  is  considered. 

best  estimate  is  the  average  between  the     T^r^^l^^SZ£^- 

1957    and    1958    catch,    or   about   203,000  age,  and  strong  year  classes 

trout  for  the  northern   area   and  98,000  [in  thousands  of  fish] 

trout  for  the  West  Thumb  area.     With 

the    addition    of  the    southern    area,  the 

maximum  equilibrium  yield  for  the  lake 

is  estimated  to  be  325,000  fish  with  the 

present  distribution  of  fishing  pressure. 

Since  each  annual  catch  curve  may  have 
six  different  year  classes  of  various 
strengths,  maximum  equilibrium  yield  can 


92, 174 
105, 155 


117,171 


85,  953 


97,114 


Stage  one,  no  overexploitation. 

Heavy  exploitation  of  IV's  of  1954 
year  class  and  V's  of  the  1953 
year  class  caused  stock  to  enter 
stage  two. 

Heavy  exploitation  of  IV's  from 
1955  year  class  and  V's  from  1954 
year  class.  Spawning  runs  in 
1960  had  fewer  V's  than  expected. 
Mean  length  and  age  lower  than 
pould  be  attributed  to  year-class 
strength. 

Mean  age  and  length  continue  to 
drop  owing  to  heavier  than  nor- 
mal catch  of  Ill's  and  few  V's 
and  VI's.  Stock  in  stage  two 
with  some  evidence  of  stage 
three  from  spawning  runs  as  a 
result  of  the  large  1959  catch. 

Mean  age  and  length  continue  to 
drop  owing  to  heavy  catch  of 
Ill's  and  IV's  and  few  VI's. 
Stock  in  stage  two,  but  some 
evidence  of  recovery  in  Pelican 
Creek  spawning  runs  due  to 
lighter  catch  in  1960. 


Ago  group 

Yield  if  your  class  is— 

Weak 

Average 

Strong 

II                

2 
25 
80 
60 

6 

5 
30 
90 
70 

8 

8 

Ill                   

35 

IV                    

100 

V             -• 

80 

VI  .      

10 

Total      

173 

203 

233 
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These  overfishing  conditions  described 
for  Yellowstone  Lake  agree  quite  closely 
with  those  described  by  Russell  (1942), 
who  discussed  the  overexploitation  of 
ground  fish  in  the  North  Sea.  In  his  words, 

We  have  already  seen  in  a  general  way  what 
happens  in  a  well-fished  stock  after  the  accumula- 
tion of  old  slow-growing  fish  has  been  swept  away. 
The  density  (in  terms  of  weight)  falls  gradually 
with  increased  fishing,  the  percentage  of  large 
fish  diminishes,  and  finally  the  total  yield  falls, 
and  we  get  overfishing. 

MANAGEMENT 

Regulations 

Knowledge  of  the  approximate  equilib- 
rium yield  of  a  fish  population  is  of  little 
value  for  management  unless  the  fishery 
can  be  regulated  to  attain  and  maintain 
that  yield.  In  some  populations,  decreased 
density  acts  as  a  natural  brake  on  stock 
depletion  by  reducing  availability.  An- 
gling automatically  becomes  less  efficient, 
and  catch  per  unit  of  effort  decreases.  On 
Yellowstone  Lake  the  catch  per  man-hour 
did  not  change  much  even  when  density 
of  the  stock  was  reduced  and  the  stock 
overexploited,  because  the  fishery  was 
centered  over  spawning  concentrations 
and  more  efficient  angling  gear  came  into 
general  use.  With  a  high  catch  per  hour, 
a  decline  in  fishing  interest  cannot  be  ex- 
pected to  slow  down  depletion  of  the  stock. 
Additional  regulations  must  be  adopted  to 
restrict  the  catch  to  equilibrium  yield. 
Several  possible  regulations  are  considered 
here  with  the  following  questions  in  mind: 
(1)  Is  this  regulation  practical  for  Yellow- 
stone Lake?  (2)  Will  it  be  effective  in  re- 
ducing the  catch  without  destroying  the 
incentive  to  fish?  (3)  What  will  be  its 
influence,  and  can  its  effect  be  predicted? 

Control  by  quotas 

An  attempt  can  be  made  to  manage  a 
fishery  on  equilibrium  yield  by  use  of  an 
annually  adjusted  number  of  fishing  trips, 
or  a  "quota"  system.  Such  a  system  will 
always  be  difficult  to  apply  to  a  sport 
fishery  because  angling  success  and  pres- 
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sure  are  too  unpredictable.  For  Yellow- 
stone Lake,  we  do  have  adequate  back- 
ground biological  data  for  reliable 
prediction  within  reasonable  limits,  and  it 
would  be  possible  to  establish  the  necessary 
number  of  fishing  trips  to  attain  a  desired 
yield;  but  other  factors  make  a  quota 
system  based  on  fishing  trips  impractical 
for  Yellowstone  Lake,  as  well  as  for  most 
sport  fisheries  on  public  waters.  There 
would  be  too  many  administrative  prob- 
lems in  deciding  who  may  fish,  and  when, 
to  consider  such  a  method.  Ricker 
(1958b)  stated  that  the  objectives  of  a 
quota  system  can  be  obtained  by  other 
methods  of  regulation.  Catch  goals  by 
numbers  or  weight  in  commercially  ex- 
ploited stocks  are  often  too  difficult  to 
administer,  and  regulation  by  season, 
area  of  fishing,  and  the  like,  are  frequently 
used  to  attain  equilibrium  yield.  Some 
of  these  methods  are  applicable  to  the 
Yellowstone  Lake  fishery. 

Shortening  of  fishing  season 

Shortening  the  fishing  season  is  an- 
other method  to  be  considered  for 
restricting  the  catch.  The  present  June 
15-October  15  fishing  season  on  Yellow- 
stone Lake  is  already  short,  and  fishing 
pressure  is  very  light  after  the  Labor  Day 
weekend  (around  September  5)  when 
most  of  the  tourist  accommodations  are 
closed.  Fishing  is  essentially  limited  to 
a  2%-month  period.  As  shown  in  table  5, 
60  percent  of  the  catch  is  made  before 
August  1 .  Closure  of  the  season  at  a  date 
earlier  than  October  15  would  not  be 
effective  for  preventing  overexploitation 
unless  the  season  closed  August  15  or 
earlier.  This  early  closing  date  would 
stop  fishing  when  the  fish  are  in  the  best 
condition  and  furnish  the  most  sport. 

A  later  opening  day  such  as  July  1 
would  reduce  the  catch  enough  to  be  of 
some  biological  value.  The  fishing  from 
June  15  to  June  30  is  concentrated  on 
spawning  fish,  and  some  of  these  fish 
would  disperse  enough,  before  a  July  1 


opening,  to  lessen  their  chances  for  cap- 
ture. The  present  opening  date  protects 
much  of  the  spawning,  but  a  July  1 
opening  date  on  the  lake  and  river  would 
have  considerable  value,  especially  in 
years  of  low  escapement  or  delayed  spawn- 
ing. In  1960,  33.4  percent  of  the  June 
15-30  catch  landed  at  Fishing  Bridge 
dock  consisted  of  ripe  or  partially  spent 
fish.  It  is  not  possible  to  regulate  the 
opening  of  any  fishery  precisely  enough 
by  chronological  time  to  allow  all  fish  to 
spawn  before  capture  because  "biological 
time"  varies  too  much  among  years. 
Even  vast  amounts  of  past  data  on  timing 
of  spawning  migrations  may  not  give  the 
necessary  information  for  effectively  regu- 
lating the  catch  during  any  specific  year. 
A  later  opening  would  have  an  undesirable 
economic  influence  on  the  boat  concession- 
aires because  it  would  mean  no'  fishing 
when  fish  are  most  available.  The  present 
fishing  season  should  be  retained  until 
other  methods  of  reducing  the  catch  have 
been  tried. 

Minimum  size  limits 

Size  limits  are  used  to  protect  breeding 
stocks  and/or  to  adjust  the  size  distribu- 
tion of  the  catch  to  attain  the  most 
desirable  yield  (Allen,  1954).  For  Yellow- 
stone Lake  a  minimum  size  of  12  inches 


(305  mm.)  is  recommended.  The  effects 
of  this  size  limit  on  the  catch  and  on 
various  age  groups  from  1950  to  1961  are 
shown  in  table  14.  Up  to  1955,  the  catch 
would  theoretically  have  been  reduced  by 
an  average  of  12.7  percent  with  this  size 
limit.  Since  1956,  when  the  growth  rate 
reached  its  optimum,  this  size  limit  would 
have  reduced  the  total  catch  by  a  maxi- 
mum of  13.9  percent  and  an  average  of 
9.5  percent.  Obviously  the  actual  reduc- 
tions on  size  of  catch  would  not  approach 
these  percentages,  as  many  fishermen 
would  continue  fishing  until  they  did 
catch  fish  large  enough  to  keep. 

With  the  present  growth  rate,  a  12-inch 
size  limit  would  essentially  eliminate  age 
group  II  from  the  catch,  reduce  the  catch 
of  age  group  III  by  about  one-half,  and 
affect  virtually  no  older  age  groups.  It 
would  allow  higher  survival  of  prespawn- 
ers,  but  it  would  not  have  a  great  influence 
on  the  average  size  of  the  fish  in  the  creel 
(see  table  6).  A  lower  size  limit  would 
have  little  value  because  of  the  low  avail- 
ability of  small  fish.  A  larger  size  limit 
of  13  inches  would  almost  eliminate  age 
group  III  from  the  catch,  which  is  not 
considered  necessary  at  this  time.  The 
increase  in  the  catch  of  age  groups  II  and 
III  in  1959  and  1960  suggested  that  some 


Table  14. — Percentage  of  fish  less  than  12  inches  long  in  total  catches  and  in  age  groups  of  catches  from 
the  northern  area  and  from  West  Thumb,  by  years,  1950  to  1961 

[All  fish  of  age  group  V  and  older  are  above  12  inches] 


Percent 

in  total  catch  from— 

Percent  in  age  group) — 

Year 

II 

III 

IV 

Northern 
area 

West 
Thumb 

Northern 
area  and 

West 
Thumb 

From 

northern 

area 

From 

West 

/Thumb 

From 

northern 

area 

From 

West 
Thumb 

From 

northern 

area 

From 

West 

Thumb 

1950... 

5.7 
13.3 
13.3 
13.0 
12.3 
14.1 
6.5 
4.8 
8.9 
8.8 
9.3 
15.4 

16.1 
15.0 
15.8 
12.0 
18.8 
10.9 
7.3 
8.4 
7.6 
11.3 
9.3 
12.6 

8.3 
13.7 
13.9 
12.8 
14.0 
13.2 
6.8 
6.0 
8.5 
9.6 
9.3 
13.9 

100.0 
100.0 
92.6 
95.0 
95.4 
90.0 
100.0 
100.0 
85.9 
69.6 
100.0 
100.0 

100.0 
100.0 
90.0 
90.9 
96.6 
84.2 

50.0 
63.3 
42.2 
53.5 
41.7 
61.6 
33.3 
49.4 
47.5 
46.3 
49.1 
52.0 

74.2 
53.0 
56.5 
45.0 
50.0 
30.4 
33.3 
67.5 
47.2 
40.3 
50.8 
39.9 

1.1 
3.2 
0 

.9 
0 

2.5 
3.1 
0 
0 
0 
0 
1.0 

2. 1 

1951 

3  7 

1952 

5.8 

1953 

3.3 

1954 

3  3 

1955 

6 

1956 

0 

1957 

100.0 
95.0 
100.0 
100.0 
100.0 

0 

1958 

1  3 

1959..     . 

4.2 

1960 

1  6 

1961 

1.  5 
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measure  is  necessary  to  reduce  the  ex- 
ploitation of  these  age  groups.  The  low 
number  of  spawners  of  age  group  IV  in 
1960  was  partially  caused  by  heavier 
exploitation  of  age  group  II  and  III  fish 
in  1958  and  1959.  This  trend  must  be 
stopped  if  the  trout  is  to  be  maintained 
from  natural  reproduction. 

Spawning  mortality  must  be  considered 
with  the  introduction  of  a  minimum  size 
limit.  Ball  and  Cope  (1961)  found  an 
average  spawning  mortality  of  48  percent 
and  stated  that  initial  spawners  made  up 
most  of  each  spawning  run.  Spawning 
mortality  is  undoubtedly  the  main  source 
of  natural  mortality  for  the  catchable-size 
stock.  For  efficient  exploitation,  there- 
fore, it  may  appear  desirable  to  catch 
as  many  fish  as  possible  before  spawning. 
The  biological  data  conflict  on  this  subject. 
On  one  hand,  the  data  on  sexual  maturity 
suggest  that  essentially  all  trout  are 
mature  at  age  IV.  On  the  other  hand, 
fish  of  age  group  V  exceeded  50  percent 
of  the  spawning  runs  in  some  streams  lor 
several  years  and  rarely  amounted  to  less 
than  25  percent  of  the  total  in  any  spawn- 
ing run.  Ball  and  Cope  (1961)  reported 
that  repeat  spawning  is  four  times  as 
common  in  alternate  years  as  in  consecu- 
tive years,  so  we  must  assume  that  some 
trout  do  not  mature  until  age  V,  as  sug- 
gested by  Bulkley  (1961).  The  preser- 
vation of  a  moderate  number  of  age 
group  V  fish  for  spawning  purposes  is 
necessary,  therefore,  to  maintain  suitable 
spawning  stocks.  The  low  spawning  runs 
in  Pelican,  Arnica,  and  Chipmunk  Creeks 
in  1960  were  caused  partially  by  a  lack 
of  age  group  V  fish.  The  management  of 
this  stock  according  to  equilibrium  yield 
will  allow  escapement  of  more  spawners 
than  necessary  when  several  strong  year 
classes  are  produced  consecutively,  but 
this  sacrifice  is  necessary  to  allow  escape- 
ment from  weak  year  classes. 


Reduction  of  creel  limit 

A  reduction  of  the  creel  limit  from  3  to 
2  fish  appears  to  be  the  simplest  way  to 
reduce  the  catch.  A  reduction  in  the 
creel  limit  can  theoretically  reduce  the 
total  catch,  distribute  the  catch  among 
more  fishermen,  or  accomplish  both.  A 
reduction  in  total  catch  is  expected  under 
the  assumptions  that  fishermen  who  con- 
sistently catch  the  creel  limit  cannot  keep 
as  many  fish  and  the  low  creel  limit  will 
not  attract  as  many  fishermen  from  nearby 
states  to  Yellowstone.  The  catch  will  not 
be  reduced  significantly  if  a  reduction  in 
catch  by  the  more  skilled  fishermen  merely 
provides  additional  fish  for  the  less  skilled 
anglers  or  if  the  fishing  pressure  increases. 
A  creel  limit  reduction  will  not  influence 
all  segments  of  the  sport  fishery  on 
Yellowstone  Lake  equally;  the  probable 
effects  on  the  shoreline  fishery,  boat 
fisheries,  Fishing  Bridge  fishery,  and  total 
catch  are  discussed  below. 

Shoreline  fishery. — In  1953,  the  creel 
limit  was  reduced  from  5  to  3  fish,  and 
the  fishing  season  on  the  lake  was  opened 
2  weeks  later.  Cope  (1957a)  examined 
the  shoreline  census  and  reported  that 
more  fish  were  caught  under  the  3-fish 
limit  in  1953  than  under  the  5-fish  limit 
in  1952.  He  concluded  that  the  change 
in  regulations  resulted  in  a  redistribution 
of  the  shoreline  catch  so  that  a  larger 
percentage  of  the  fishermen  caught  fish 
than  before.  It  is  possible  that  much  of 
this  redistribution  was  the  result  of  a 
change  in  availability  of  the  stock  or  in 
angling  efficiency.  There  was  an  increase 
in  availability  from  1952  to  1953  as  shown 
in  figure  2.  The  transition  to  spinning 
gear  was  probably  not  sufficiently  abrupt 
to  cause  all  of  the  change  in  catch  distri- 
bution. We  expect  that  both  the  reduced 
creel  limit  and  the  increased  availability 
contributed  to  the  change. 

Some  effects  of  reduced  creel  limits  on 
distribution  of  the  catch  among  shoreline 
fishermen   can    be   projected   from   catch 
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data  collected  from  1951  to  1960  (table 
15).  One  phase  of  the  shoreline  census 
involves  direct  observation  of  fishermen 
to  record  their  catch  and  the  length  of 
their  daily  fishing  trip.  Many  fishermen 
are  observed  for  their  entire  fishing  day, 
but  some  move  out  of  the  observation 
area  to  fish  elsewhere.  Consequently  the 
data  are  not  total  daily  catches  per  fisher- 
man, but  catches  per  fisherman  while 
under  observation.  This  difference  does 
not  affect  comparisons  of  catch  distribu- 
tion among  years.  In  1951  and  1952, 
one-fourth  of  the  observed  fishermen 
caught  one  or  more  fish  each.  The  pro- 
portion of  successful  fishermen  (those  with 
one  or  more  fish)  increased  to  one- third  in 
1953  and  was  usually  about  40  percent  in 
ensuing  years.  Mean  catch  per  fisherman 
actually  increased  with  the  smaller  creel 
limit,  probably  owing  mostly  to  increased 
angler  efficiency  through  the  introduction 
of  spinning  gear.  From  1953  to  1959 
there  were  more  fishermen  who  caught  a 
limit  of  3  fish  than  those  who  caught  only 
2  fish.  In  1960  this  relation  was  reversed; 
the  mean  catch  per  fisherman  dropped  to  a 
new  low  and  the  percentage  of  fishermen 
who  caught  no  fish  increased.  The  pat- 
tern established  in  1960  reflected  the 
depleted  condition  of  the  stock  from  over- 
fishing. The  total  catch  continued  to 
increase  until  1959  as  shown  in  table  3. 
Thus  the  reduction  in  creel  limit  in  1953 
had  little  influence  on  the  total  catch, 
since  the  fishing  pressure  rose  from  1953 
to  1960.     A  reduction  in  the  creel  limit 


will  not  influence  the  total  shoreline  catch 
greatly,  unless  it  reduces  the  incentive  to 
fish  more  than  it  is  possible  to  foresee. 

Boat  fisheries . — Boat  fishermen  are  more 
effective  than  shoreline  fishermen  as  shown 
in  the  catch-per-man-hour  data  in  table  4, 
and  in  the  high  catch-per-angler-day  data 
in  table  16.  The  catch  per  angler-day 
would  be  still  higher  if  boat  anglers  kept 
all  the  fish  they  caught.  As  a  reduced 
creel  limit  will  not  influence  all  boat 
fishermen  the  same,  the  various  segments 
of  the  boat  fishery  are  discussed  separately. 

The  rental  rowboat  fishery  is  almost 
entirely  limited  to  inshore  areas  within  a 
few  miles  of  each  boat  dock;  the  boats  are 
small,  and  there  are  few  outboard  motors 
available  for  rent.  The  catch  from  this 
fishery  dropped  when  the  creel  limit  was 
reduced  from  5  to  3  in  1953,  but  there  was 
a  gradual  increase  to  1957  and  then  a 
leveling-off  until  1959.  The  total  catch 
has  never  been  restored  to  the  1952  high 
of  74,761  fish,  in  spite  of  the  fact  that  the 
catch  per  angler-day  has  not  changed  to 
a  great  degree.  A  reduction  in  the  creel 
limit  will  mean  more  fishing  trips  per 
rental  boat,  but  the  average  trip  will  take1 
less  time.  Some  reduction  in  the  catch 
by  the  rental  boat  fishery  can  be  expected. 

The  catch  of  the  guide-boat  fishery 
reached  a  maximum  of  46,550  fish  in  1956 
and  has  not  been  below  32,000  since  1954. 
This  fishery  is  limited  both  by  the  number 
of  available  boats  and  by  the  fact  that  few 
anglers  like  to  pay  the  higher  costs  of 
guide   service.      We   do   not   expect    this 


Table  15. — Percentage  distribution  of  fishermen  according  to  number  of  fish  caught  while  under  observation 

by  census  clerks,  by  years,  1951  to  1960 


Year 

Number  of 
fishermen 
observed 

Percent  of  fishermen  who  caught— 

Mean  catch 
per 

Ofish 

lfish 

2  fish 

3  fish 

4  fish 

5  fish 

fishermen 

1951... 

533 

819 

1,041 

1,146 

1,068 

880 

722 

565 

1,377 

1,158 

75.8 
74.3 
63.6 
56.2 
48.4 
63.2 
60.5 
59.5 
59.7 
71.6 

10.1 
11.8 
12.8 
18.5 
15.3 
16.9 
17.9 
14.5 
20.3 
16.1 

5.6 
5.5 
9.2 
12.1 
15.1 
9.7 
9.0 
11.0 
9.9 
7.3 

3.0 
3.2 
14.4 
13.2 
21.2 
10.2 
12.  6 
15.0 
10.1 
5.0 

1.3 

1.8 

4.3 
3.3 

0.458 

1952 

.561 

1953. 

.744 

1954 

,  s'j:< 

1955 

1.091 

1956 

.669 

1957 

.  7H7 

1958 

.815 

1959 

.704 

1960 

.457 

29 


Table  16.- 


■Estimated  angler-days,  catch,  and  catch  per  angler-day  for  specified  segments  of  the  fishery  on 
Yellowstone  Lake,  by  years,  1950  to  1961 


Fishery  segment 


Shoreline:  > 

Angler-days 

Catch 

Catch  per  angler-day 

Rental  rowhoats: 

Angler-days 

Catch 

Catch  per  angler-day 

Guide  hoats: 

Angler-days 

Catch 

Catch  per  angler-day 

Private  trailer  boats: 

Angler-days 

Catch 

Catch  per  angler-day 

Private  cruisers:  2 

Catch 

Fishing  Bridge:  2 

Catch 

Total  catch 


1950 


50,  260 

55,  370 

1.10 

37,  488 

55, 123 

1.47 

6,523 

28,  228 

4.33 

13,  603 

50,  377 

3.70 

4,  500 

6,417 

200,  015 


1951 


114,743 

48,  966 
0.42 

39,  633 

60,  993 
1.54 

7,005 

29,  449 

4.20 

18,  984 

54,  857 

2.89 

5.052 

8,938 

208,  255 


1952 


110,  997 
53,  423 

0.48 

35,  523 

74,  761 
2.10 

6,605 

27,  449 

4.16 

25,  255 

75,  457 
2.99 

9,322 

4,865 

245,  277 


1953 


82,  447 

64,116 

0.78 

28,  216 

38,  772 

1.37 

9,022 

23.  592 

2.61 

21,413 

50,118 

2.34 

13,  887 

5,388 

195,  873 


1954 


71,088 

71,919 

1.01 

28. 150 

39,969 

1.42 

11,669 
32,  400 

2.78 

21,  227 

51,  222 

2.41 

13,  351 

7,072 
215,  933 


1955 


87, 156 

97,  831 

1.12 

31,651 

47,  986 
1.52 

15,  004 

41,  484 

2.76 

33,  237 

80,  270 

2.42 

12,  320 

6,165 

286,  056 


1956 


115,  931 

65,  383 

0.18 

28, 081 

47,  765 

1.70 

18, 107 

46,  550 

2.57 

46,  701 

110,  937 

2.38 

15,  462 

4,124 

290,  221 


1957 


86,  060 

63,  286 

0.73 

37,  783 

61,350 

1.62 

17, 031 
43,  436 

2.55 

48,  299 

115,141 

2.38 

13,  806 

4,136 

301, 155 


1958 


90,  363 

81,210 

0.90 

37, 009 

56,  552 

1.53 

16,715 

36,  802 

2.20 

61,  002 

149,  667 

2.45 

14,  800 


349, 027 


1959 


158, 173 

140, 102 

0.89 

36,  449 

66,  281 

1.82 

14,  733 

38,  996 
2.65 

55,  407 

124,  421 

2.25 

16,  696 

6,971 

393,  467 


1960 


123,  786 

65,  539 

0.53 

26, 154 

41,  266 

1.58 

13,  295 

34,  854 

2.62 

53, 159 

126, 109 

2.37 

18,  513 

8,617 
294,  898 


1961 


133,  534 

98,  954 
0.74 

33,  501 

53,  362 
1.59 

18,  348 

46,  433 

2.53 

49,  363 

93,  632 

1.90 

15,  794 

4.419 

312,  594 


1  Data  of  shoreline  actually  represents  number  of  "angler  stops"  rather  than  "angler  days"  as  explained  in  Moore,  Cope,  and  Beck- 
with  (1953).    True  estimates  of  angler-days  are  lower  than  shown. 

2  Angler-day  data  not  available. 


fishery  to  expand,  because  many  of  the 
anglers  who  formerly  used  guide  service 
have  purchased  their  own  boats,  and  a 
lower  creel  limit  may  further  reduce  the 
incentive  to  pay  for  guide  services.  As 
suggested  in  table  16,  most  guide-boat 
anglers  had  limit  catches  under  either  a  5- 
fish  or  a  3-fish  limit.  A  reduction  in  the 
creel  limit  will  reduce  the  guide-boat  catch 
significantly. 

The  greatest  increase  in  catch  during  the 
study  period  was  in  the  trailer-boat  fishery 
(table  16).  The  catch  from  this  fishery 
dropped  when  the  creel  limit  was  first 
reduced  to  3  fish,  but  the  catch  has  con- 
tinued to  rise  since  1954  owing  to  increased 
angling  effort.  This  is  coincident  with  a 
national  boating  trend.  Trailer-boat  fish- 
ermen are  effective  anglers,  and  they  can 
reach  lightly  exploited  areas.  A  reduction 
in  the  creel  limit  will  reduce  the  catch  per 
angler-day,  but  if  the  fishing  pressure  from 
boats  continues  to  increase,  the  total  catch 
will  not  drop.  The  new  boating  facilities 
being  constructed  at  Yellowstone  Lake 
may  encourage  more  boats,  but  a  lower 
creel  limit  may  discourage  many  boat 
fishermen  from  nearby  States.  A  National 
Park  Service  survey  revealed  that  90  per- 
cent of  the  boats  launched  on  Yellowstone 


Lake  were  used  primarily  for  fishing.  One 
influence  of  a  reduction  of  the  creel  limit 
will  be  to  lower  the  "meat  fishing"  in- 
centive that  has  been  common  among  some 
trailer-boat  anglers. 

The  private-cruiser  fishery  refers  to  the 
large  private  boats  docked  at  Yellowstone 
Lake  the  entire  fishing  season.  The  catch 
from  these  boats  has  increased  at  a  moder- 
ate rate.  A  reduced  creel  limit  will  un- 
doubtedly decrease  the  total  catch  from 
these  boats  since  limit  catches  are  com- 
mon. The  possible  closure  of  the  south 
arms  of  Yellowstone  Lake  to  motor- 
propelled  boats  may  cause  a  further  re- 
duction in  the  number  of  boats  in  this 
fishery  since  these  boat  owners  prefer  the 
isolated  portions  of  the  lake. 

Fishing  Bridge  fishery  .—The  Fishing 
Bridge  catch  is  governed  by  the  number  of 
fish  in  the  spawning  runs  which  pass  under 
the  bridge,  since  fishing  pressure  is  almost 
always  at  the  maximum.  The  fishery  is 
controlled  by  the  limited  space  on  the 
bridge  for  anglers  and  not  by  the  creel 
limit.  As  soon  as  one  fisherman  completes 
fishing  another  moves  into  his  place  and 
commences  fishing.  A  reduced  creel  limit 
will  not  reduce  this  catch. 
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Total  catch. — Analyses  by  fishery  seg- 
ments reveal  that  a  creel  limit  reduction 
will  lower  the  total  catch,  but  it  is  not  the 
final  answer  to  equilibrium-yield  manage- 
ment. If  fishing  pressure  continues  to 
increase,  the  catch  will  again  exceed 
equilibrium  yield  in  a  few  years.  The 
biggest  reduction  in  catch  may  result  from 
the  reduced  incentive  for  fishermen  from 
nearby  States  to  come  to  Yellowstone  for 
the  express  purpose  of  fishing  for  meat. 
This  type  of  use  has  been  decreasing  in 
recent  years,  but  we  expect  that  a  limit  of 
2  fish  will  be  still  more  effective  in  this 
regard. 

Fishing  for  fun 

Fishing  for  fun  is  a  management  con- 
cept which  emphasizes  the  recreational 
values  of  angling  in  contrast  to  maximum 
production  from  a  fish  stock.  In  the 
Great  Smoky  Mountains  National  Park 
fishing-for-fun  experiment,  only  "trophy" 
fish  can  be  retained,  although  there  is  no 
limit  on  the  number  of  trout  that  can  be 
caught  and  released  (Lennon  and  Parker, 
1960).  Only  single-hook  artificial  lures 
may  be  used.  The  populations  in  these 
fishing-for-fun  streams  cannot  withstand 
heavy  fishing  pressure  if  all  captured 
trout  are  kept. 

The  fishing-for-fun  concept  was  intro- 
duced at  Yellowstone  Lake  by  the  Na- 
tional Park  Service  in  1961  on  a  voluntary 
basis.  Anglers  were  encouraged  to  use 
barbless  hooks  and  to  retain  only  those 
cutthroat  trout  that  were  badly  injured. 
The  creel  limit  of  3  fish  was  retained. 
There  is  neither  a  need  nor  is  it  desirable 
to  carry  the  concept  to  the  degree  men- 
tioned for  the  Great  Smoky  National 
Park.  Yellowstone  Lake  is  excellent  trout 
habitat,  and  the  fish  population  can  with- 
stand a  large  annual  catch.  Also,  "tro- 
phy" fish  will  never  be  produced  in  this 
lake  because  of  the  growth  rate  and  high 
spawning  mortality. 

The  success  of  the  Yellowstone  program 
depends  upon  angler  cooperation  rather 


than  regulation.  Data  were  collected  in 
1961  to  determine  angler  acceptance  of 
the  program  and  the  degree  of  hooking 
mortality  that  could  be  expected  from 
catching  and  returning  fish  to  the  water. 
Analysis  of  interviews  with  2,661  shore- 
line and  boat  anglers  revealed  that  (1)  82 
percent  of  the  anglers  interviewed  were 
successful,  (2)  80  percent  of  the  successful 
anglers  kept  all  the  fish  they  caught,  (3) 
65  percent  of  the  anglers  who  returned 
fish  still  kept  their  limits,  and  (4)  only 
3.9  percent  of  the  successful  anglers  re- 
turned all  fish  captured.  Many  anglers 
have  always  released  trout  caught  in  Yel- 
lowstone Lake,  and  it  was  not  possible  to 
determine  how  much  influence  the  fishing- 
for-fun  campaign  had  on  the  fishing  public. 

The  1961  interview  data  indicate  that 
anglers  used  the  program  primarily  as  an 
excuse  to  continue  fishing  after  catching 
their  limits.  If  this  interpretation  of 
fishing-for-fun  becomes  established,  the 
program  may  induce  additional  mortality 
on  the  stock  from  hooking,  with  no  reduc- 
tion in  total  catch.  Preliminary  hooking 
studies  conducted  during  1961  revealed 
that  mortality  from  catching  and  releas- 
ing trout  with  standard  spinning  gear  and 
treble-hook  spoons  was  negligible  (0.7  per- 
cent) during  the  spawning  season  but 
reached  significant  proportions  (21.3  per- 
cent) in  midsummer. 

Evaluation  of  the  fishing-for-fun  pro- 
gram should  continue  because  it  is  not 
possible  to  predict  its  effects  on  manage- 
ment of  the  fish  stock  at  this  time.  The 
program  as  presently  functioning  is  not  an 
effective  tool  for  reducing  the  catch. 

Effects  of  regulations 

It  is  not  possible  to  predict  what  the 
annual  catch  would  he  under  any  of  the 
regulations  mentioned.  Variations  in  ef- 
fective fishing  effort  and  fishing  pressure 
will  require  continuous  evolution.  The 
knowledge  of  the  equilibrium  yield  of  Yel- 
lowstone Lake  will  never  mean  that  regu- 
lations to  attain   that  yield  can  be estab- 


31 


lished  a  year  in  advance  of  an  angling 
season  unless  some  quota  system  is  possible 
to  administer.  Its  greatest  value  is  that 
it  sets  a  goal  on  the  number  of  fish  that 
can  be  removed  and  allows  the  fishery 
manager  to  distribute  the  catch  or  fishing 
pressure  as  considered  expedient. 

The  principal  aim  of  fishery  manage- 
ment on  Yellowstone  Lake  should  be  to 
provide  the  maximum  number  of  fishing 
hours  or  trips  and  not  to  derive  the  maxi- 
mum possible  yield  in  pounds  or  numbers 
of  fish.  There  is  the  problem  in  arriving 
at  a  happy  medium  between  attaining 
maximum  use  of  the  resource  and  avoiding 
extended  overexploitation  of  it.  A  few 
anglers  do  not  care  about  keeping  any  fish, 
but  the  majority  wish  to  retain  a  few  trout 
for  eating.  Management  must  be  directed 
at  the  majority  if  we  are  to  provide  the 
maximum  number  of  fishing  trips.  The 
question  is  what  regulations  are  necessary 
to  prevent  overfishing  on  Yellowstone 
Lake  without  reducing  the  fishing  incen- 
tive for  the  majority  of  anglers.  For  the 
present,  a  2-fish  creel  limit  and  a  12-inch 
minimum  size  limit  should  essentially  ac- 
complish both  aims.  Only  continuous 
evaluation  of  the  fishing  pressure  and  the 
condition  of  the  stock  will  answer  this 
question  fully. 

Redistribution  of  fishing  pressure 

The  present  calculated  equilibrium  yield 
is  below  the  potential  equilibrium  yield 
for  Yellowstone  Lake  because  of  the  poor 
distribution  of  fishing  pressure.  If  Yel- 
lowstone Lake  were  to  be  managed  for 
fishing  purposes  only,  additional  access  to 
the  southern  areas  of  the  lake  would  be 
necessary.  The  National  Park  Service 
is  considering  a  plan  to  close  the  two 
southern  arms  of  the  lake  to  all  motor- 
propelled  boats  to  perpetuate  wilderness 
values.  A  partial  closure  was  carried  out 
in  1961.  If  these  arms  are  closed,  fishing 
pressure  in  the  southern  area  will  likely 
be  lower  in  the  future  than  at  present. 


The  effects  of  this  closure  cannot  be 
accurately  predicted.  It  may  shift  addi- 
tional fishing  pressure  to  the  northern  area 
and  West  Thumb  which  would  require  a 
lower  equilibrium  yield  for  the  lake  than 
the  present  estimate  of  325,000  fish. 
Present  methods  of  measuring  changes 
in  the  stock  are  adequate  to  determine 
the  degree  of  exploitation  in  these  two 
areas,  and  continuous  measurement  of  the 
stock  condition  is  imperative. 

Interspecific  competition 

The  longnose  sucker  and  redside  shiner 
must  be  considered  possible  detriments 
to  cutthroat  trout  production  in  Yellow- 
stone Lake.  Several  workers  (Bassett, 
1957; 5  Rawson  and  Elsey,  1948;  Larkin 
and  Smith,  1953)  found  that  these  species 
adversely  influenced  trout  populations. 
Competition  may  be  expected  to  increase 
as  the  density  of  the  trout  population  is 
reduced.  The  only  long-term  sampling 
of  suckers  of  Yellowstone  Lake  has  been 
in  fish,  traps  where  every  sucker  was 
killed.  Trap  counts  have  decreased  in 
recent  years,  but  this  decrease  is  not 
necessarily  representative  of  the  lake 
sucker  population.  Biesinger  6  studied 
the  distribution  and  degree  of  competi- 
tion between  trout  and  introduced  species 
in  Yellowstone  Lake.  The  sucker  is 
distributed  widely  and  presently  occupies 
all  the  suitable  habitat.  The  best  sucker 
habitat  is  in  the  highly  productive  littoral 
zone  which  is  heavily  used  by  trout, 
and  suckers  feed  on  essentially  the  same 
food  organisms  as  trout.  The  influence 
of  suckers  on  the  cutthroat  trout  stock  is 
not  clear.  Available  data  are  insufficient 
for  determining  whether  the  decrease  in 
trout    density    in    heavily    used    fishing 

s  "Further  life  history  studies  of  two  species  of  suckers  in 
Shadow  Mountain  Reservior,  Grand  County,  Colorado,"  by 
Howard  M.  Bassett.  Unpublished  master's  thesis,  Colorado 
State  University,  1957,  112  pp. 

8  "Studies  on  the  relationships  of  the  redside  shiner  (Richard- 
sonius  balteatus)  and  the  longnose  sucker  (Catostomus  caiostomus) 
to  the  cutthroat  trout  (Salmo  clarki)  population  in  Yellowstone 
Lake,"  by  Kenneth  Biesinger.  Unpublished  master's  thesis, 
Utah  State  University,  1961.  90  pp. 
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areas  has  resulted  in  an  increase  in  suckers, 
although  growth  rates  of  suckers  did  not 
increase  with  a  decrease  in  trout  density. 

The  redside  shiner  distribution  is  more 
limited  than  that  of  suckers,  possibly 
because  the  shiners  were  introduced  into 
Yellowstone  Lake  more  recently.  Their 
principal  habitat  is  the  shallow  lagoons 
and  a  few  tributary  streams  in  the  north- 
ern area.  They  share  the  habitat  with 
small  cutthroat  trout,  and  their  feeding 
habits  are  similar  to  those  of  small  trout. 
No  redside  shiners  have  been  collected  in 
the  limnetic  zone  of  the  lake,  and  none 
were  found  in  trout  stomachs.  Biesinger  7 
concluded  that  competition  is  more  severe 
between  juvenile  cutthroat  trout  and 
longnose  suckers  or  redside  shiners  than 
between  the  adults.  Lake  Chubs  are 
confined  to  a  few  lagoons  and  streams  and 
are  so  rare  that  competition  must  be 
insignificant.  The  native  longnose  dace 
is  confined  to  a  few  streams,  and  no  compe- 
tition is  evident. 

Yellowstone  Lake  is  deeper  and  has 
less  littoral  habitat  than  many  of  the  other 
lakes  where  severe  competition  between 
suckers  and  trout  has  been  found.  It  is 
possible,  however,  that  both  the  longnose 
suckers  and  redside  shiners  will  expand 
their  numbers  if  the  cutthroat  trout  stock 
is  further  reduced.  Partial  control 
methods  such  as  spot-poisoning  or  trap- 
ping could  be  tried,  but  there  is  reason  to 
believe  that  a  well-managed  stock  of 
cutthroat  trout  is  the  best  answer. 

Planting 

Yellowstone  Lake  can  produce  excellent 
angling  with  natural  reproduction,  and 
can  be  managed  on  this  basis.  Planting 
would  simplify  management  in  some  cases 
and  possibly  would  increase  the  yield. 
Large  numbers  of  eggs,  fry,  and  advanced 
fry  were  stocked  in  Yellowstone  Lake  and 
tributaries  before  1951  (table  1).  All 
plantings  consisted  of  eggs  or  fry  from 
Yellowstone  Lake  spawners.    The  survival 


7  See  footnote  6. 


rate  of  these  plantings  was  not  compared 
with  the  survival  rate  of  wild  fish,  but 
there  is  no  doubt  that  the  plantings  were 
beneficial  in  several  tributary  streams. 
In  Pelican  Creek,  no  escapement  was 
reported  from  1936  to  1944,8  and  year 
classes  produced  during  that  period  must 
have  resulted  from  plantings;  the  strong 
and  unnaturally  stable  spawning  runs  from 

1945  to  1948  enumerated  in  table  10  must 
have  been  the  result  of  plantings.  Several 
substantial  spawning  runs  were  established 
from  plantings  in  small  streams,  such  as 
Hatchery  Creek.  The  Hatchery  Creek 
runs  have  disappeared  without  stocking. 
There  is  also  no  evidence  that  the  egg- 
collecting  operation  carried  out  up  to  1953 
was  influencing  the  lake  stock,  although 
the  continuous  planting  program  and  the 
low  fishing  pressure  during  the  years  of 
heavy  egg-collecting  prevent  accurate 
evaluation. 

From  1945  to  1950  a  good  escapement 
was  allowed  in  all  sampled  streams,  but 
small  plantings  were  made  in  some  streams 
to  supplement  natural  reproduction.  All 
planting  of  Yellowstone  Lake  or  tributary 
streams  was  terminated  after  1950,  except 
for  two  small  experiments  in  Arnica  Creek 
in  1954  and  1955.     The  year  classes  from 

1946  to  1950  were  the  result  of  plantings 
plus  natural  reproduction,  and  all  year 
classes  after  1950  were  entirely  the  result 
of  natural  reproduction.  From  the  varia- 
tions in  strength  of  year  classes  shown  in 
figure  6,  it  is  doubtful  whether  the  small 
supplemental  plantings  from  1945  to  1950 
benefited  the  stock.  The  plantings  in 
Arnica  Creek  in  1954  and  1955  did  not 
appear  to  influence  year-class  strength  in 
this  stream.  Note,  however,  that  the 
spawning  runs  in  table  11,  apparently 
derived  entirely  from  plantings  (1945  to 
1948),  fluctuated  less  than  spawning  runs 
derived  from  natural  reproduction.  There 
is  evidence,  therefore,  that  the  use  of  fry 

s  Letter  from  W,  A.  Dunn,  Superintendent,  Yellowstone 
Hatchery,  to  Regional  Director,  U.S.  Fish  and  Wildlife  Service, 
dated  March  8,  1945. 
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plantings  in  streams  to  supplement  arti- 
ficial reproduction  when  environmental 
conditions  in  spawning  streams  are  not 
suitable  would  be  an  excellent  manage- 
ment tool  to  offset  the  great  fluctuations 
in  year-class  strength  that  presently  occur. 
Any  fry  plantings  contemplated  should  be 
made  in  early  August  or  after  the  high 
water  period. 

Although  fry  stocking  may  alleviate  the 
occurrences  of  poor  year  classes  in  some 
streams,  a  fingerling  stocking  program 
would  have  greater  benefit  to  the  entire 
lake  stock.  Most  planting  experiments 
(Curtis,  1951)  have  found  a  higher  survival 
rate  for  fingerlings  than  fry,  and  we  would 
expect  similar  results  in  Yellowstone  Lake. 
Survival  rate  of  wild  fish  in  the  fingerling 
size  range  in  Yellowstone  Lake  is  known  to 
be  high.  The  use  of  hatchery-reared 
fingerlings   would   simplify   management, 


since  natural  reproduction  could  be  par- 
tially desregarded  and  overexploitation  of 
prespawners  would  not  be  as  serious. 

Fingerling  plants  in  management  would 
be  costly,  and  the  lake  can  be  managed 
rather  easily  with  an  average  equilibrium 
yield  of  about  325,000  trout  without  stock- 
ing. The  lake  production  for  the  angler 
could  be  increased  considerably  by  finger- 
ling stocking,  but  the  esthetic  value  of 
fishing  a  "natural"  trout  population  would 
be  partially  lost.  A  stream  fry-planting 
program  can  be  carried  out  at  low  cost, 
since  the  fry  would  have  to  be  fed  only  a 
few  weeks,  and  such  a  program  would  not 
reduce  the  natural  aspects  of  angling  as 
much  as  fingerling  stocking.  In  any  case, 
only  eggs  of  cutthroat  trout  from  Yellow- 
stone Lake  should  be  used  in  any  stocking 
plan,  to  preserve  one  of  the  few  native 
stocks  of  this  species  in  the  United  States. 


YELLOWSTONE  RIVER  FISHERY 


The  15-mile  section  of  the  Yellowstone 
River  from  a  point  300  yards  below  Fish- 
ing Bridge  to  the  Upper  Falls  furnishes 
much  excellent  angling,  and  the  manage- 
ment of  this  fishery  is  closely  related  to 
management  of  the  lake  stock.  Regula- 
tions should  be  similar  for  Yellowstone 
Lake  and  this  section  of  the  river. 

The  total  catch  from  the  river  rose  from 
19,729  in  1950  to  a  maximum  of  81,724  in 
1958,  and  has  fluctuated  to  a  greater 
degree  than  that  of  the  lake  fishery  (table 
17).  The  catch  per  man-hour  was  lower 
from  1951  to  1953  than  in  recent  years, 
and  the  higher  catch  per  man-hour  after 
1953  has  been  attributed  partially  to  the 
greater  use  of  spinning  gear.  The  poor 
catch  in  1956  was  due  to  high  water  (table 
17).  The  best  fishing  success  was  recorded 
in  1955  and  was  associated  with  low  water. 
The  biweekly  catch  per  man-hour  is  always 
greatest  at  the  opening  of  the  season  and 
decreases  rapidly  toward  the  end  of  the 
season.     This  trend  takes  place  because 


the  river  fishery  is  almost  wholly  dependent 
upon  a  spawning  migration. 


Table  17. — Estimated  catch  and  catch  per  man- 
hour  for  Yellowstone  River  fishery,  by  years, 
1951  to  1959 

[With  mean  monthly  discharge  of  river,  in  cubic  feet  per  second, 
for  June  and  July] 


Year 

Catch 

Catch  per 
man-hour 

Discharge 

June 

July 

1951 

19, 729 
20,  603 
27, 932 
35,912 
63,  701 
21,907 
47,  762 
81,  724 
67, 799 

0.236 
.225 
.346 
.478 
.649 
.325 
.446 
.500 
.427 

4,204 
4,796 
2,617 
3,916 
2,851 
6,640 
4,031 
3,361 
3,  285 

4,825 

1952... 

3,788 

1953 

3,798 

1954 

5,040 

1955 

3,455 

1956 

1957 

1958 

1959  . 

5,172 
4,605 
2,460 
4,387 

Some  data  on  the  relations  of  the  river 
stock  to  the  lake  stock  were  determined 
from  tagging  fish  in  the  Cascade  area  (5 
miles  downstream  from  Fishing  Bridge)  of 
the  Yellowstone  River  in  1951,  1952,  and 
1953  (Ball  and  Cope,  1961).  Most  tagged 
fish  were  recovered  in  the  river  or  in  the 
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Fishing  Bridge  area  when  they  were  cap- 
tured the  same  year  as  they  were  tagged. 
A  relatively  large  number  captured  the 
year  after  tagging  were  caught  in  the  lake. 
Few  fish  tagged  in  Pelican  Creek  or  near 
the  Fishing  Bridge  campground  were  cap- 
tured in  the  river  below  Fishing  Bridge. 
This  tagging  study  shows  that  many  of  the 
lake  fish  move  down  into  the  river  below 
Fishing  Bridge  to  spawn  and  then  return 
to  the  lake.  It  is  these  fish  which  prob- 
ably constitute  most  of  the  river  fishery 
now.  In  addition,  the  river  probably 
contains  a  small  resident  population. 

From  available  data,  we  believe  that 
sound  management  of  the  lake  stock  will 
automatically  manage  the  river  stock  if 
similar  regulations  are  in  effect  in  the  two 


areas.  Overexploitation  of  the  resident 
river  stock  will  be  compensated  by  imma- 
ture fish  produced  from  the  spawning 
areas  around  and  downstream  from  Fish- 
ing Bridge.  The  July  1  opening  of  the 
fishing  season  protects  the  spawning  stock 
moving  into  this  river  area  for  a  sufficient 
part  of  the  spawning  season  in  most  years. 
A  reduction  of  the  creel  limit  to  two  fish 
for  the  river  will  help  to  insure  adequate 
seeding  of  this  important  spawning  area. 
The  minimum  size  limit  of  12  inches  rec- 
ommended for  the  lake  and  river  would 
also  be  of  considerable  value  in  protecting 
the  river  stock,  because  the  river  catch 
includes  more  small  fish  in  the  latter  part 
of  the  season  than  the  lake  catch. 


SUMMARY 


This  paper  summarizes  data  collected 
from  1945  to  1961  on  the  biology  of  the 
cutthroat  trout  in  Yellowstone  Lake,  fluc- 
tuations in  the  fish  populations,  catch, 
and  management.  The  principal  purpose 
is  to  establish  a  maximum  equilibrium 
yield  and  to  consider  management  with 
respect  to  equilibrium  yield. 

Biological  investigation  and  fish  culture 
are  briefly  reviewed.  The  life  history  of 
cutthroat  trout  in  Yellowstone  Lake  and 
the  ecology  of  the  lake  are  summarized. 
The  fish  stocks  from  the  northern  area 
and  West  Thumb  are  considered 
separately. 

The  catch  increased  from  200,015  cut- 
throat trout  in  1950  to  39.3,497  in  1959. 
Fishing  pressure  was  more  erratic  than 
the  catch  and  reached  526,728  man-hours 
in  1959.  Catch  per  man-hour  did  not 
vary  according  to  stock  density  and  was 
not  a  reliable  index  of  stock  condition. 
Spawning  concentrations,  water  levels, 
and  fishing  methods  influenced  catch  per 
man-hour.  Most  of  the  trout  caught  from 
1950  to  1961  fell  within  a  100-min.  range, 
and  mean  total  lengths  ranged  from  336.7 


to  357.8  mm.  Age  groups  III,  IV,  and 
V  comprised  most  of  the  catch.  The 
northern  area  included  more  older  fish 
during  the  early  part  of  the  season  than 
West  Thumb;  the  two  areas  were  similar 
after  the  middle  of  July.  Estimated  per- 
centages of  sexually  mature  fish  in  the 
catch  ranged  from  64.3  to  84.8. 

Growth  rate  increased  from  1950  to 
1956,  but  leveled  off  from  1956  to  L959. 
Optimum  growth  for  the  catchable  stock 
was  reached  in  1956. 

Spawning     runs     in     six     st  renins     were 

measured   from    194")   to    1961.     General 

characteristics  of  spawning  runs  arc1  de- 
scribed.    Changes    in    the    number    and 

mean   age  of  spawners  are   related   to  the 

increased  catch.  Arnica  Creek  runs  fluc- 
tuated irregularly,  but  the  low  runs  in 
L959,  I960  and  I9f»l  were  attributed  to 
overfishing    in     West     Thumb.     Pelican 

('reek  has  the  Largest  spawning  run  of  the 
streams    measured,    and    its   spawners    are 

subjected  to  the  greatest  fishing  pressure. 
'The  I960  spawning  run  was  depleted  by 

the  increased  catch  in  the  northern  area. 
The  1961  run  indicated  that  some  recovery 
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of  the  fishery  occurred  due  to  the  reduced 
catch  in  1960. 

Clear  and  Cub  Creek  data  are  not  com- 
plete, but  a  downward  trend  in  number  of 
spawners  has  been  related  to  the  in- 
creased catch.  Chipmunk  and  Grouse 
Creeks  are  isolated,  and  the  spawners 
from  these  streams  are  subjected  to  the 
least  fishing  pressure  of  the  sampled 
streams.  These  latter  streams  have  a 
larger  number  of  fish  of  age  group  V  or 
older  than  other  streams,  and  since  many 
age  group  V  are  probably  initial  spawners, 
the  spawning  runs  can  be  depleted  by 
fishing  more  easily.  The  low  1960  and 
1961  runs  are  definitely  attributed  to 
overfishing. 

Accurate  mortality  data  could  not  be 
computed,  but  total  instantaneous  mor- 
tality rates  are  calculated  by  year  class 
for  fish  of  age  groups  IV  and  V  to  show 
gross  changes.  Excessive  mortality  oc- 
curred in  the  northern  area  when  the 
catch  exceeded  200,000  trout,  and  in 
West  Thumb  when  the  catch  exceeded 
100,000. 

Year  classes  in  the  northern  area  were 
strongest  in  1945,  1949,  1953,  and  1957. 
The  West  Thumb  catch  was  more  irregular 
than  the  northern  area  catch,  but  strong 
year  classes  were  produced  in  1947,  1952, 
1953,    1955,    and    1957. 

Methods  for  determining  maximum  equi- 
librium yield  are  described.  Three  stages 
of  exploitation  are  defined  for  the  Yellow- 
stone stock;  these  stages  consider  growth 
rate,  spawning  runs,  and  age  groups  in 
the  catch.  Overfishing  commences  in 
the  second  stage  of  exploitation.  The 
estimated  maximum  equilibrium  yield 
averaged  325,000  fish  and  may  range 
from  290,000  to  340,000  fish  with  the  pres- 
ent distribution  of  fishing  pressure. 

Various    measures    are    discussed    for 


equilibrium  yield  management.  Control 
of  fishing  pressure  is  the  most  precise 
but  is  not  practical.  Delaying  the  fishing 
season  until  July  1  would  be  quite  un- 
popular, even  though  it  would  assure 
survival  of  more  fish  through  spawning. 
A  minimum  size  limit  of  12  inches  is 
recommended  to  reduce  and  redistribute 
the  total  catch,  and  to  protect  prespawning 
fish.  A  reduction  in  creel  limit  will  reduce 
the  total  catch  among  some  fishermen,  but 
its  greatest  value  may  be  to  reduce  the 
incentive  to  fish  for  food.  The  fishing- 
for-fun  management  system  is  discussed. 
Angler  interview  data  suggest  that  a 
voluntary  system  is  not  a  positive  measure 
for  reducing  the  catch.  Hooking  experi- 
ments showed  that  additional  mortality 
will  be  inflicted  on  the  fish  population 
by  catching  and  releasing  fish  after  the 
spawning  season.  The  effects  of  all  regu- 
lations  should   be   observed    closely. 

Closure  of  the  south  arms  of  Yellow- 
stone Lake  to  motor-propelled  boats 
may  result  in  a  lower  equilibrium  yield  for 
the  lake. 

Competition  from  the  longnose  suckers 
and  redside  shiners  may  increase,  but 
good  trout  management  and  the  small 
amount  of  sucker  and  redside  shiner 
habitat  can  prevent  a  population  explosion 
of  these  introduced  species. 

The  planting  of  cutthroat  trout  fry 
to  prevent  the  occurrence  of  poor  year 
classes  is  considered  a  possible  manage- 
ment tool.  Fingerling  stocking  would 
simplify  management  but  is  not  recom- 
mended at  this  time. 

The  Yellowstone  River  fishery  is  re- 
viewed. It  is  closely  connected  with  the 
lake  population,  and  wise  managment  of 
the  lake  should  automatically  manage 
the  river  population.  Similar  regulations 
should  be  in  effect  on  both  areas. 
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Appendix  A-DISTRIBUTION  OF  FISHING 


Creel  census  information  has  been  col- 
lected by  segments,  and  the  methods  for 
determining  the  percentage  of  fish  from 
each  segment  that  came  from  the  northern 
»rea  or  from  West  Thumb  is  described 
below:  The  methods  for  conducting  the 
census  were  described  by  Moore  et  al. 
(1952). 


Rented  rowboats 

The  rented  rowboats  from  Fishing 
Bridge  and  Lake  Dock  are  used  entirely 
in  the  northern  area  and  the  entire  catch 
from  these  docks  is  known  to  come  from 
the  northern  area.  The  rented  boats 
from  West  Thumb  dock  fish  entirely  in 
the  West  Thumb  area. 
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Fishing  Bridge 

The  entire  catch  is  from  the  northern 
area. 

Guide  boats 

Fishing  Bridge  guides  from  1950  to  1953 
fished  in  the  southern  area  as  follows: 
1950,  4.5  percent;  1951,  12.1  percent; 
1952,  1.2  percent;  1953,  4.0  percent.  The 
remaining  catch  came  from  the  northern 
area. 

Lake  guides  fish  principally  in  the 
northern  area,  but  a  census  of  guide  boats 
showed  that  3  percent  of  the  catch  came 
from  the  southern  area  from  1954  to  1960. 
The  remainder,  or  97  percent,  was  from 
the  northern  area. 

West  Thumb  guides  fish  mostly  in  West 
Thumb,  although  an  average  of  20  percent, 
as  determined  from  guide  boat  records,  fish 
in  the  southern  area  that  adjoins  West 
Thumb.  This  percentage  varies  slightly 
annually,  but  accurate  records  are  not 
available  for  all  years,  and  we  have  as- 
sumed that  80  percent  of  the  catch  comes 
from  West  Thumb  and  20  percent  from 
the  southern  area. 

Private  boats 

The  trailer  boat  fishery  is  the  most  diffi- 
cult to  break  down  accurately  into  areas. 
Boat  card  data  have  been  used  to  deter- 
mine where  boats  were  launched  and  the 
total  catch  per  launching  area.  All  boat 
launching  areas  are  in  the  northern  area 
and  West  Thumb.  The  increase  in  aver- 
age horsepower  per  boat  in  recent  years 
has  enabled  boats  to  reach  more  inacces- 
sible areas  than  was  possible  in  previous 
years.  Consequently  there  has  been  an 
increase  in  fishing  pressure  in  the  southern 
area.  The  percentages  in  table  A-l  give 
the  estimated  distribution  of  the  catch  by 
areas  from  1950  to  1961  and  take  into  ac- 
count all  these  known  changes. 

The  cruiser  fishery  includes  the  largest 


boats  on  the  lake,  and  all  are  anchored  the 
entire  fishing  season  at  Lake,  Fishing 
Bridge,  and  West  Thumb  docks.  These 
boats  fish  mostly  in  the  southern  area. 
The  estimated  distribution  of  the  cruiser 
catch  by  areas  is:  northern,  15  percent; 
West  Thumb,  10  percent;  and  southern, 
75  percent. 

Lake  shoreline 

Accurate  data  are  available  on  the  shore- 
line fishery  since  fisherman  counts  are 
made  three  times  a  week  along  the  entire 
accessible  shoreline.  The  shoreline  catch 
was  divided  between  the  northern  area 
and  Wxest  Thumb  from  1950  to  1961  as 
shown  in  table  A-2. 


Appendix  table  A-l. — Estimated  percentage  dis- 
tribution of  trailer  boat  catches,  by  area,  1950  to 
1961 


Percent  of  catch  from— 

Year 

Northern 
area 

Southern 
area 

West  Thumb 
area 

1950         

80.0 
79.0 
65.5 
65.0 
64.2 
64.2 
63.5 
62.2 
62.8 
61.3 
61.0 
61.0 

2.0 
1.0 
3.8 

4.2 
4.8 
4.8 
5.5 
6.8 
7.2 
8.2 
8.3 
8.3 

18.0 

1951_       

20.0 

1952 

30.7 

1953 

30.8 

1954 

31.0 

1955 

31.0 

1956 

31.0 

1957 

31.0 

1958         

30.0 

1959  

30.5 

1960 

30.7 

1961 

30.7 

Appendix  table  A-2. — Percentage  distribution  of 
shoreline  catches,  by  area,  1950  to  1961 


Year 

Percent  of  catch  from— 

Northern 
area 

West  Thumb 
area 

1950 

72.7 
71.5 
77.7 
75.3 
75.1 
76.6 
74.6 
75.9 
71.9 
76.4 
80.5 
74.1 

27.3 

1951  

28.5 

1952 .-- 

22.3 

1953           

24.7 

1954  _.       

24.9 

1955 

23.4 

1956. 

25.4 

1957 

24.1 

1958 

28.1 

1959.. 

23.6 

1960  -.     .- 

19.5 

1961 

25.9 
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Appendix  B-MATURITY  OF  FISH  IN  CATCH 


A  sample  of  1,055  fish  from  the  catch 
at  Fishing  Bridge  dock  in  1953,  1954, 
and  1960  and  at  West  Thumb  dock  in  1960 
was  examined  to  determine  the  maturity 
of  fish  in  different  length  groups  up  to 
July  15.  A  mature  fish  is  one  which  has 
spawned  in  previous  years  or  has  spawned 
or  will  spawn  in  the  season  of  capture. 
The  differences  between  sexes  were  so 
minor  that  they  have  been  combined. 
From  these  data,  no  fish  below  250  mm. 
was  mature  and  no  fish  above  305  mm. 
was  immature.  Data  for  each  year  gave 
the  same  results.  A  regression  line  was 
calculated  from  combined  data  to  deter- 
mine the  expected  percentage  of  mature 


fish  in  each  5-mm.  length  group  in    the 
245  to  310  mm.  range  (fig.  B-l). 

Stage  of  maturity  was  difficult  to 
measure  after  July  15,  but  growth  is 
rapid  during  the  angling  season  and  this 
regression  line  could  not  be  applied 
accurately  to  the  entire  season's  catch. 
Many  trout  captured  in  August  measuring 
325  mm.  total  length  were  known  to  be 
immature.  Bulkley  (1961)  studied 
growth  rates  of  cutthroat  trout,  but  he 
was  not  able  to  measure  seasonal  perio- 
dicity of  growth.  To  compensate  for 
growth  we  assumed  that  half  the  season's 
growth  will  be  completed  by  August  1. 
One-half    of    the    mean    annual    growth 


290  310 

TOTAL    LENGTH 


350 


Appendix  figure  B-l. — Relation  of  maturity  to  total  body  length  in  millimeters.     Original  line  froi 
catch  data  collected  before  July  15  in  1953,  1954,  and  1960.     Recalculated  line  includes  adjust- 
ment for  expected  seasonal  growth. 
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increments  between  age  groups  II  and  III 
and  age  groups  III  and  IV,  or  46  mm., 
has  been  considered  the  expected  growth 
rate  up  to  August  1.  The  regression  line 
calculated  earlier  was  moved  46  mm.  to 
the  right.  Actually  most  of  the  catch 
is  made  during  June  and  July,  and  the 
use  of  this  regression  line  may  indicate 
a  larger  percentage  of  immature  fish  than 
is  true.  From  our  knowledge  of  the  sizes 
and  ages  of  fish  entering  the  spawning 
runs,  the  second  regression  line  rep- 
resents the  average  maturities  of  the 
catch  accurately.     The  percentage  of  ma- 

Iture  fish  in  each  5-mm.  length  group  was 
taken  from  the  recalculated  regression 
ine  and  applied  to  the  length  distribution 
3f  the  catch  each  year  (table  B-l).     The 


sum  of  the  mature  fish  in  all  length  groups 
was  then  divided  by  the  total  sample  to 
obtain  the  percent  of  mature  fish  in  the 
catch. 

Appendix  table  B-l. — Percent  of  mature  fish  by 
5-millimeter  length  groups  as  taken  from  regres- 
sion line  on  figure  B-l 


Length  group 

Percent 
mature 

285  mm 

0.0 

290  mm 

4.3 

295  mm 

11.9 

300  mm... 

19.6 

305  mm    .. ... 

27.2 

310  mm 

34.8 

42.4 

320  mm    

50.0 

325  mm 

57.6 

330  mm    

65.2 

335  mm 

72.8 

340  mm 

80.4 

88.0 

350  mm 

95.6 

100.0 
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Appendix  D-YEAR-CLASS  STRENGTH 


Appendix  table  D-l. — Calculation  of  year-class  strength  from  method  of  el-Zarka  (1959)  for  northern 

area  and  West  Thumb 


Area  and  year  class 

Age  groups 
included 

Sum,  first 
year 

Sum,  sec- 
ond year 

Mean 

Difference 

Percentage 

difference 

between 

years 

Relative 
strength, 
first  year 

Final 

rank, 

first  year 

Norther  area: 
1944-1945 

VI-VII 

10.7 

50.7 

77.6 

76.6 

93.4 

111.7 

99.8 

87.0 

105.3 

113.1 

76.8 

80.9 

70.5 

13.5 
39.7 
63.5 
92.4 

111.7 
99.8 
87.0 

105.3 

113.0 
77.2 
80.9 
82.0 

101.3 

0.7 
12.1 
45.2 
70.6 
84.5 
102.6 
105.8 
93.4 
96.2 
95.5 
78.8 
81.5 
85.9 

2.8 

-11.0 

-14.1 

15.8 

18.3 

-11.9 

-12.8 

18.3 

7.7 

-35.9 

4.1 

1.1 

30.8 

23.1 

-24.3 

-20.0 

18.7 

17.8 

-11.2 

-13.7 

19.0 

7.1 

-37.6 

5.2 

1.4 

35.9 

0.0 

23.1 

-1.2 

-21.2 

-2.5 

15.3 

4.1 

-9.6 

9.4 

16.5 

-21.4 

-16.2 

-14.8 

21.1 

0.0 
-58.1 
-84.8 
-54.4 
-63.1 
-63.2 
-64.1 
-67.4 
-42.1 
-43.4 
-90.5 
-67.3 
-70.9 
-53.7 

-0.2 

1945-1946 

V-VI 

22.9 

1946-1947 

IV-VI 

-1.4 

1947-1948 

III-VI. — - 

-21.4 

1948-1949             

II-VI 

-2.7 

1949-1950         

II-VI 

15.1 

1950-1951         

II-VI 

3.9 

1951-1952             

II-VI 

-9.8 

1952-1953             

II-VI 

9.2 

1953-1954 

II-VI 

16.3 

1954-1955 

II-V 

-21.6 

1955-1956 

II-V 

-16.4 

1956-1957.    .   

II-IV 

-15.0 

1957 

20.9 

West  Thumb: 
1944-1945 

VI 

4.0 
32.6 
49.7 
101.7 
99.4 
96.8 
95.9 
94.9 
120.8 
119.3 
73.8 
93.1 
75.9 

2.2 
24.9 
67.5 
93.0 
99.3 
95.9 
92.8 
122.4 
119.3 
73.8 
93.2 
89.8 
90.2 

3.1 

28.8 
58.6 
97.4 
99.4 
96.4 
94.4 
108.7 
120.0 
96.6 
83.5 
91.5 
83.1 

-1.8 
-7.7 

17.8 
-8.7 
-0.1 
-0.9 
-3.1 

27.5 

-1.5 

-45.5 

19.4 
-3.3 

14.3 

-58.1 
-26.7 
30.4 
-8.7 
-0.1 
-0.9 
-3.3 
25.3 
-1.3 
-47.1 
23.2 
-3.6 
17.2 

58.3 

1945-1946 

V-VI 

0.7 

1946-1947             

IV-VI 

— 26. 0i 

1947-1948             

III-VI 

4.4 

1948-1949             

II-VI 

-4.3 

1949-1950 

II-V 

-4.4 

1950-1951 

II-V 

-5.3 

1951-1952     

II-VI 

-8.6 

1952-1953     

II-VI 

16.7 

1953-1954 

II-VI 

15.4 

1954-1955 

III-VI 

-31.7 

1955-1956 

II-V 

-8.5 

1956-1957 

II-IV. 

-12.1 

1957 

5.1 

Appendix  E-CATCH  CURVES 


Appendix  table  E-l. — Estimated  number  of  fish  caught  from  northern  area  and  from  West  Thumb,  byl 

age  group,  1950  to  1961 


Calendar 

Age  group  II 

Age  group  III 

Age  group  IV 

Age  group  V 

Age  group  VI 

Age  group  VII 

All  age  groups 

year 

North- 
ern area 

West 
Thumb 

North- 
ern area 

West 
Thumb 

North- 
ern area 

West 
Thumb 

North- 
ern area 

West 
Thumb 

North- 
ern area 

West 
Thumb 

North- 
ern area 

West 
Thumb 

North- 
ern area 

West 
Thumb 

1950 

1951 

1952 

1953. 

1954 

1,448 
2,960 
5,108 
7,642 

10, 965 
5,749 

14, 643 
2,624 
2,190 

20,  275 
5,806 
1,730 

3,109 
833 

1,789 
776 

3,330 

5,323 

"""645" 
2,103 
1,523 
3,523 
1,  651 

18, 971 
19, 980 
52, 609 
27,  590 
27, 856 
38,  521 
33, 672 
23,058 
22, 999 
50, 062 
58,775 
51,  513 

16, 613 
17, 657 
20,954 
11,646 
15,  305 
25,049 
26, 374 
12, 443 
13, 985 
23,  669 

25,  528 

26,  318 

54, 885 
50, 320 
66, 910 
39,  895 
44,  599 
51,  553 
78,  690 
100,  292 
101,414 
136, 169 
89,  796 
116,864 

12,047 
21, 199 
23, 893 
16, 886 
23,  628 
30, 841 
39, 950 
43,  690 
51, 000 
79,  676 
46, 157 
57,  491 

53, 872 
53,  724 
39, 840 
45,  724 
58,  231 
79, 150 
61,  488 
57,  738 
83,  453 
43,  554 
26,  486 
22, 104 

14,  767 
11,  094 
14, 055 

7,647 
10, 364 
14,  872 
19,  283 
33,  459 
36, 384 
12, 186 

9,541 
11,  557 

14, 626 

19, 980 

5,789 

7,901 

6,520 

16,  673 

7,686 

3,749 

8,761 

250 

725 

1,943 
1,146 
2,300 
1,863 
1,074 
1,957 

865 
1,936 
1,682 

117 

1,204 

97 

1,014 
1,036 

""""777" 

97 
156 

894 

144, 816 
147, 999 
170,  255 
129,  529 
148, 171 
191,647 
182, 999 
187,  462 
219,  036 
250, 310 
181,  588 
192,  211 

48,  575 
52, 085 
63, 885 
38,819 
53, 702 

1955. 

1956 

235 

78,  276 
86, 472 

1957 

92, 174 

1958 

105, 155 

1959. 

117, 171 

1960 

85,953 

1961 

97, 114 
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SEA-WATER  SYSTEMS 

FOR  EXPERIMENTAL  AQUARIUMS 


This  volume  was  created  to  provide  a 
source  of  information  on  design,  construc- 
tion, and  operation  of  experimental  aquar- 
ium facilities.  The  idea  developed  out  of 
our  own  frustrated  search  for  published 
material  on  sea-water  supply  systems  when 
we  were  planning  facilities  for  the  new 
Sandy  Hook  Marine  Laboratory.  We 
found  that  we  had  to  spend  many  weeks 
visiting  laboratories  and  many  months 
corresponding  with  aquarists  to  obtain  the 
information  we  needed.  It  became  clear, 
as  a  result  of  this,  that  nearly  everyone 
who  has  built  a  sea-water  system  has  ex- 
perienced similar  difficulties. 

The  solution  to  this  problem  suggested 
by  J.  L.  McHugh  of  the  U.S.  Bureau  of 
Commercial  Fisheries  was  that  we  prepare 
a  volume  on  sea-water  systems  from  our 
visits  and  correspondence.  We  decided 
rather  to  sponsor  a  compilation  of  papers 
contributed  by  the  aquarists  themselves. 
In  soliciting  papers,  we  asked  contributors 
to  describe  their  experiences  in  solving 
problems  encountered  in  designing,  con- 
structing, and  maintaining  systems,  rather 
than  give  detailed  and  comprehensive  ac- 
counts of  complete  sea-water  systems. 
Our  letter  of  invitation  to  potential  con- 
tributors stated : 

We  visualize  such  a  publication  as  addressed 
primarily  to  the  biologist  and  secondarily  to  the 
engineer  and  containing  accounts  of  personal  ex- 
periences illustrated  by  simple  sketches  of  gen- 
eral layout  or  special  features.  Annotated  de- 
scriptions of  recirculating  systems,  holding  tanks, 
rearing  ponds,  or  other  facilities  would  be  per- 
tinent. Of  great  value  would  be  descriptions  of 
methods  for  combating  such  problems  as  fouling, 


siltation,  equipment  failure,  and  toxicity  of  sys- 
tem components.  Discussions  of  such  factors  as 
selection  of  pumps  and  advantages  of  continuous 
versus  interrupted  supply  would  be  appropriate 
also.  Discussions  of  past  or  present  shortcom- 
ings of  systems  and  possible  remedies  would  also 
be  helpful  to  others  planning  experimental  facili- 
ties. Contributions  would  not  have  to  be  lengthy 
to  be  of  value.  I  believe  the  readers  of  such  a 
volume  would  be  interested  in  simple  systems  as 
well  as  those  of  more  elaborate  design. 

We  attempted  to  embrace  as  great  a  va- 
riety of  experience  in  sea-water  aquarium 
problems  as  possible.  That  some  success 
was  achieved  in  this  aim  is  evident  from 
the  scope  of  the  contributed  papers.  Geo- 
graphic coverage  extends  from  the  tropics 
to  temperate  latitudes  and  from  the  mid- 
Pacific  Ocean  to  the  eastern  Atlantic 
Ocean.  Environmental  coverage  extends 
from  estuarine  to  open  coastal  emplace- 
ments. System  coverage  extends  from 
small  recirculating  tanks  to  continuous- 
supply  systems  of  hundreds  of  gallons  per 
minute.  Nearly  every  problem  which 
could  arise  with  sea-water  systems  is  ex- 
plored in  one  paper  or  another. 

In  attempting  broad  scope,  we  have  in- 
cluded papers  ranging  from  the  philo- 
sophical to  the  very  practical.  Thus,  all 
concerned,  from  experimental  biologists  to 
maintenance  personnel,  should  find  this 
volume  useful.  The  comprehensive  index 
was  included  to  enhance  its  value  as  a  ref- 
erence work  and  as  a  manual  for  design, 
construction,  operation,  and  maintenance 
of  all  types  of  experimental  sea-water 
supply  systems. 

John  R.  Clark,  Marine  Biologist. 

Roberta  L.  Clark,  Editorial  Assistant. 


SOME  PRINCIPLES  AND  PRACTICES  OF 

WATER  MANAGEMENT  FOR  MARINE  AQUARIUMS 

By  James  W.  Atz,  Curator 

New  York  Aquarium,  New  York  Zoological  Society,  Brooklyn,  N.Y. 

Abstract. — Instability  of  sea  water  and  its  organic  constituents,  when  confined  in 
aquariums  or  circulatory  systems,  and  the  characteristic  inability  of  marine  organisms 
to  adjust  to  changes  in  their  environment,  combine  to  make  the  keeping  of  marine  life 
in  captivity  a  difficult  procedure.  The  maintenance  of  sea  water  in  suitable  condition 
depends  upon  a  chemically  inert  water  system,  a  low  ratio  of  animal  life  to  volume  of 
water,  the  control  of  bacteria,  and  the  elimination  of  metabolic  waste  products.  Methods 
used  to  accomplish  this  include  aeration,  filtration,  storage  in  the  dark,  and  treatment 
with  alkalizers,  ultraviolet  light,  and  antibiotics. 


Despite  a  tradition  that  goes  back  to  the 
ancient  Romans  and  a  lively,  uninter- 
rupted history  of  more  than  a  century,  the 
keeping  of  marine  animals  in  captivity 
remains  more  of  an  art  than  a  science. 
The  most  valuable  attribute  an  experi- 
mentally minded  marine  biologist  can  have 
is  a  wet  thumb.  Of  course,  the  more  he 
is  able  to  apply  precise,  reproducible  tech- 
niques to  the  maintenance  of  his  subjects, 
the  greater  are  his  chances  of  success,  but 
there  will  inevitably  remain  some  intangi- 
bles, indescribable  and  unpredictable,  that 
he,  as  scientist,  can  only  attribute  to  the 
complexity  of  the  subject  he  is  dealing 
with. 

Central  to  the  problem  of  keeping  ma- 
rine animals  alive  in  aquariums  is  the 
maintenance  of  sea  water  in  such  confined 
bodies.  In  his  classic  elucidation  of  the 
coordinate  roles  played  by  the  fitness  of  the 
environment  and  the  fitness  of  the  indi- 
vidual in  the  evolution  of  life,  Henderson 
(1913)  points  out  that  in  no  other  habit- 
able place  on  the  earth  are  so  many  con- 
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ditions  so  stable  and  so  enduring  as  in  the 
ocean.  This  eon-embracing  stability  of 
the  sea  as  an  environment  of  life  is  the 
fundamental  cause  of  the  difficulties  that 
marine  laboratories,  public  aquariums, 
and  home  aquarists  alike  have  in  keeping 
marine  fishes  and  invertebrates.  Because 
these  animals  evolved  in  a  world  that  has 
remained  practically  constant  in  tempera- 
ture, osmotic  pressure,  alkalinity,  and 
chemical  composition,  they  have  developed 
few  mechanisms  to  isolate  themselves  from 
these  environmental  factors  and  little 
tolerance  for  change.  In  captivity,  they 
perforce  must  be  provided  with  an  en- 
vironment that  at  least  approaches  in  sta- 
bility their  natural  one.  But  once  sea 
water  has  been  removed  from  the  ocean,  it 
begins  to  change  and  to  lose  some  of  its 
capacity  to  support  delicate  marine  life. 
This  is  directly  and  indirectly  the  result 
of  its  no  longer  being  part  of  a  body  of 
water  that  is  to  all  intents  and  purposes 
infinitely  large.  The  best  that  any  marine 
aquarium,  practices  seem  to  be  able  to  do 
is  merely  to  slow  down  the  rate  of  this 
deterioration. 
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MATERIALS  SUITABLE  FOR  SEA-WATER  SYSTEMS 


Any  discussion  of  water  as  an  environ- 
ment, artificial  as  well  as  natural,  ought 
at  least  to  mention  the  attributes  that  in- 
timately connect  this  unique  substance 
with  life,  namely  its  great  specific  heat, 
latent  heats  of  fusion  and  evaporation, 
and  thermal  conductivity,  its  high  surface 
tension  and  dielectric  constant,  its  trans- 
parency, and  its  tremendous  solvent  power 
combined  with  chemical  stability.  These 
characteristics  were  first  penetratingly 
analyzed  by  Henderson  (1913),  and  they 
have  been  reviewed  by  Sverdrup,  Johnson, 
and  Fleming  (1942).  Of  them,  only 
water's  close  approach  to  being  the  uni- 
versal solvent  presents  any  special  prob- 
lems in  aquarium  management. 

Because  of  water's  ability  to  dissolve 
a  wide  variety  of  toxic  substances  and 
because  of  the  extreme  sensitivity  of  most 
aquatic  animals  to  them,  the  only  certain 
way  to  keep  water  suitable  for  most  ma- 
rine life  is  to  use  chemically  inert  ma- 
terials throughout  the  water  system. 
Copper  is  a  good  example  of  a  problem 
material.  This  heavy  metal  is  acutely 
toxic  to  fresh-water  fish  in  concentrations 
of  a  few  parts  per  hundred  million,  but  in 
hard  alkaline  waters  its  toxicity  is  con- 
siderably reduced  (Doudoroff  and  Katz, 
1953).  In  sea  water,  as  might  therefore 
be  expected,  copper  is  somewhat  less  toxic, 
and  at  the  New  York  Aquarium  and  the 
John  G.  Shedd  Aquarium,  prophylactic 
doses  of  0.20  to  0.25  p.p.m.  (parts  per  mil- 
lion) are  considered  safe  for  the  great 
majority  of  marine  fishes  (Carleton  Kay, 
personal  communication;  Braker,  1961). 
At  the  Steinhart  Aquarium,  however,  a 
number  of  marine  fishes  have  been  found 
to  be  sensitive  to  concentrations  of  less 
than  0.20  p.p.m.  (Herald  et  al.,  1962). 

Invertebrates  are  much  more  sensitive; 
for  example,  sea-urchin  larvae  were 
strongly  affected  by  0.03  p.p.m.  of  copper 


(Wilson  and  Armstrong,  1961).  Surpris- 
ingly little  metallic  copper  need  be  exposed 
to  sea  water  to  produce  a  dangerous  con- 
centration of  dissolved  copper.  Braker 
(1961)  placed  two  U.S.  pennies  in  a  sys- 
tem containing  6  gallons  of  sea  water  with 
1  gallon  per  hour  flowing  over  the  copper 
coins.  He  found  a  concentration  of  0.1 
p.p.m.  of  copper  in  the  ambient  sea  water 
at  the  end  of  12  hours,  and  0.58  p.p.m.  at 
the  end  of  48.  (At  this  rate,  it  would 
take  more  than  5  years  for  the  coins  to 
dissolve.)  We  have  received  several  re- 
ports that  fresh  sea  water  flowing  through 
a  single  copper,  brass,  or  bronze  fixture 
can  pick  up  enough  copper  to  kill  larvae. 
One  reason  for  the  acute  sensitivity  of 
fishes  and  aquatic  invertebrates  to  a  heavy 
metal  under  these  conditions  is  that  they 
act  as  biological  accumulators,  removing 
the  metal  from  solution  and  retaining  it. 
Few  determinations  of  the  toxicity  of 
substances  in  sea  water  have  been  made, 
but  materials  toxic  in  fresh  water  are 
usually  also  toxic  in  sea  water,  although 
somewhat  less  so.  Exceptions  are  known. 
Boetius  (1960)  found  that  although  mer- 
curic chloride  is  less  toxic  to  small  fish  in 
sea  water  than  it  is  in  fresh,  phenylmer- 
curic  acetate  is  more  toxic  in  sea  water. 
Certain  aquarium  cements,  whose  per- 
formance in  fresh  water  is  satisfactory, 
break  down  in  salt  water  and  release  sub- 
stances that  kill  fish.  In  general,  all  met- 
als should  be  avoided,  even  those  like  lead 
and  stainless  steel  that  are  sometimes  con- 
sidered safe.  Wood  and  other  question- 
able materials  may  be  covered  with  several 
coats  of  a  good  grade  of  black  asphaltum 
varnish,  but  this  protective  coating  will 
not  last  indefinitely  and  requires  periodic 
checking.  Cement  is  inert,  but  only  after 
it  has  been  "cured,"  a  process  that  may 
take  months.  Chemically  ideal  for  sea- 
water  systems  is  hard  rubber,  also  called 
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vulcanite  and  ebonite,  the  use  of  which 
was  first  recommended  by  Michael  Fara- 
day in  1857  (Lloyd,  1871).  In  recent 
years,  a  number  of  plastics  have  also 
proved  satisfactory.     Not  all  plastics  are 


safe  to  use,  however.  In  fact,  if  there  is 
any  doubt  about  the  suitability  of  a  ma- 
terial, it  ought  to  be  rigorously  tested,  by 
the  animals  themselves,  as  recommended 
and  described  by  MacGinitie  (1947). 


NATURAL  CONSTITUENTS  OF  SEA  WATER 


Overlying  the  differences  between  sea 
water  in  nature  and  in  confinement  is  the 
basic  similarity  of  its  composition  the 
world  over.  The  ratios  between  the  nine 
ions  which  constitute  more  than  99  per- 
cent of  its  dissolved  salts  are  virtually  con- 
stant (Sverdrup,  Johnson,  and  Fleming, 
1942;  Harvey,  1955).  This  is  a  fortunate 
circumstance  that  permits  a  great  deal  of 
uniformity  in  approach  and  procedure  by 
aquarists  and  experimentalists  as  well  as 
oceanographers.  On  the  other  hand,  at 
least  52  elements  have  been  found  in  nat- 
ural sea  water,  and  this  complexity  has  led 
to  some  irrational  ideas  about  its  chemical 
composition,  particularly  in  connection 
with  its  duplication  in  the  laboratory  as 
artificial  sea  water.  A  fundamental  diffi- 
culty is  that  conventional  chemical  nota- 
tion cannot  represent  a  mixture  of  many 
anions,  cations,  and  molecules,  all  in  dy- 
namic equilibrium.  There  is  perhaps  no 
more  striking  illustration  of  this  and  its 
relation  to  life  in  the  sea  than  the  obser- 
vation that  a  volume  of  sea  water  allowed 
to  evaporate  to  dryness  and  then  reconsti- 
tuted with  the  proper  amount  of  distilled 
water  will  not  support  the  variety  of  ma- 
rine life  it  originally  would. 

Moreover,  as  found  in  nature,  sea  water 
is  not  only  an  inorganic  complex.  An 
ever-increasing  number  and  variety  of  or- 
ganic substances  are  being  found  in  it. 
Although  there  is  very  little  organic  mat- 
ter in  sea  water  quantitatively  speaking, 


evidence  is  accumulating  that  the  little 
there  is  exerts  an  important  influence  on 
marine  life  (Collier,  1953;  Lucas,  1955; 
Nigrelli,  1958) .  Among  the  various  types 
of  organic  substances  that  have  been  found 
in  sea  water  are  enzymes,  vitamins,  pig- 
ments, amino  acids,  antibiotics,  and  toxins, 
most  of  them  presumably  produced  as  ex- 
ternal metabolites  or  ectocrines  by  plants 
and  animals  in  the  sea.  The  role  that  such 
minute  constituents  of  sea  water  can  play 
in  maintaining  marine  life  in  captivity  has 
been  determined  for  only  a  few  microor- 
ganisms, and  their  fate,  when  subjected 
to  the  changes  that  "captive"  sea  water 
undergoes,  is  unknown.  Nevertheless, 
their  existence  is  noted  here  because  of 
the  good  possibility  that  some  of  them  may 
be  important  in  the  culturing  of  larval 
forms  and  macroscopic  invertebrates. 

Whatever  may  be  their  bases,  the  dif- 
ferences between  various  natural  sea 
waters  can  be  extraordinarily  subtle,  as 
the  decade  of  painstaking  work  by  Wilson 
and  Armstrong  has  shown.  Faced  with 
similar  mysteries,  aquarists  have  attrib- 
uted a  sort  of  elan  vital  to  sea  water  and 
called  it  "living" — for  instance,  when 
they  have  observed  that  artificial  sea 
water  had  to  be  inoculated  with  some  of 
the  natural  stuff  before  most  invertebrates 
and  some  fishes  would  live  in  it.  Vitalism 
is  not  the  answer,  of  course,  but  there  are 
vital  constituents  of  sea  water  that  are 
still  unrecognized. 


CHANGES  OCCURRING  IN  SEA  WATER  REMOVED  FROM  THE  SEA 


Within  30  minutes  after  a  volume  of  sea 
water  has  been  taken  from  the  sea,  detect- 


able chemical  changes  have  occurred  in  it 
(Collier  and  Marvin,  1953).     Biotic  ac- 
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tivity  is  responsible  for  this,  the  forerun- 
ner of  a  series  of  profound  changes  that 
are  brought  about  in  stored  sea  water  by 
bacteria.  Although  the  sea  contains  a 
widely  distributed  microscopic  fauna  and 
flora  consisting  of  protozoans,  algae,  fungi, 
yeasts,  and  bacteria,  only  bacteria  have  as 
yet  been  found  to  be  important  in  sea 
water  maintained  in  vessels  or  water  sys- 
tems (ZoBell,  1946,  1959;  Harvey,  1955). 
When  fresh,  filtered  sea  water  is  stored, 
there  is  a  tremendous  increase  in  the  num- 
ber of  bacteria,  a  maximum  population  of 
from  2  million  to  100  million  per  cc.  being 
attained  in  3  to  6  days  at  room  tempera- 
ture (ZoBell  and  Anderson,  1936).  In 
about  2  weeks  the  initial  growth  phase  is 
over,  and  the  population  then  fluctuates 
from  a  few  thousand  to  more  than  100,000 
per  cc.  At  the  same  time,  the  number  of 
species  of  bacteria  is  drastically  reduced 
to  less  than  half  a  dozen.  Sea  water 
stored  for  4  years  at  2°  to  6°  C.  still  con- 
tained more  than  200,000  bacteria  per  cc. 
(ZoBell  and  Anderson,  1936),  while  that 
stored  at  room  temperature  became  prac- 
tically sterile  in  6  months  (MacGinitie, 
personal  communication). 

During  the  period  of  the  precipitous 
growth  and  decline  in  number  of  bac- 
teria and  for  some  time  thereafter,  stored 
sea  water  is  lethal  to  the  more  delicate 
creatures  reared  in  marine  laboratories 
(MacGinitie,  1947).  Because  of  similar 
difficulties,  aquarists  using  natural  sea 
water  in  small  aquariums  (up  to  about  100 
gallons)  subscribe  to  the  procedure  of 
storing  the  water  in  glass  in  the  dark  for 
6  weeks  before  use.  The  lethal  effect  ap- 
pears to  result  from  the  presence  of  bac- 
terial metabolites,  since  aeration  is  not 
supposed  to  relieve  the  condition.  In  con- 
trast, public  aquariums  have  never  re- 
ported any  difficulties  with  fresh  sea  water, 
perhaps  because  of  the  much  greater  vol- 
umes of  water,  more  effective  nitration, 
and  lack  of  delicate  forms  in  their 
establishments. 


The  control  of  bacteria  must  be  one  of 
the  principal  objectives  in  the  manage- 
ment of  salt-water  systems  and  aquariums, 
but  so  little  is  known  about  the  forms  that 
occur  in  these  artificial  habitats  that  any 
approach  is  largely  empirical.  Although 
sea  water  has  well-recognized  bactericidal 
effects,  it  also  provides  an  excellent 
medium  for  some  bacteria,  and  when  en- 
riched with  organic  matter,  may  contain 
billions  per  cc.  These  microorganisms  can 
reduce  the  amount  of  dissolved  oxygen. 
They  can  also  produce  asphyxiating 
amounts  of  carbon  dioxide  and  in  this  way, 
as  well  as  others,  may  dangerously  lower 
the  pH.  Under  anaerobic  conditions, 
they  produce  methane  and  hydrogen  sul- 
phide, the  latter  of  which  is  known  to  be 
strongly  toxic  to  fish  (Doudoroff  and 
Katz,  1950).  Quite  possibly  they  pro- 
duce metabolites  that  are  inimical  to 
higher  forms.  Although  this  has  never 
been  demonstrated,  Harvey  (1925)  found 
that  sea  water  in  which  a  worm  had  putri- 
fied  or  to  which  enough  peptone  had  been 
added  to  make  it  become  cloudy  was  toxic 
to  a  species  of  copepod  for  some  days,  even 
after  it  had  been  filtered  through  a  Berk- 
feldt  candle  several  times  and  also  well 
aerated. 

A  sine  qua  non  of  bacterial  control  in 
confined  bodies  of  sea  water  is  cleanliness, 
achieved  by  avoiding  overfeeding  and 
overcrowding  and  by  practicing  sys- 
tematic but  not  stereotyped  cleaning  pro- 
cedures. In  addition,  four  methods  of 
reducing  the  number  of  bacteria  have  been 
used,  viz.,  filtration,  storage  in  the  dark, 
ultraviolet  treatment,  and  addition  of 
antibiotics.  The  efficacy  of  filtration  and 
storage  had  been  well  known  long  before 
Stowell  and  Clancey  (1927)  found,  at  the 
London  Aquarium,  that  storage  in  the 
dark  for  28  days  eliminated  "66  per  cent, 
of  the  ordinary  bacteria  and  97  per  cent.- 
of  the  so-called  'blood-heat'  organisms  and 
bacteria  of  the  human  intestinal  type," 


WATER    MANAGEMENT    FOR    MARINE    AQUARIUMS. 


and  Lackey  (1956)  determined  that  pas- 
sage through  the  filters  at  Marine  Studios 
(Marineland)  generally  removed  more 
than  half  of  the  circulating  bacteria. 
Herald  et  al.  (1962)  found  that  exposure 
to  ultraviolet  reduced  demonstrable  bac- 
terial populations  of  1,200  to  2,000  per  cc. 
to  practically  zero.  Marshall  and  Orr 
(1958)  successfully  used  Chloromycetin 
and  streptomycin  to  prevent  the  bacterial 
multiplication  that  occurs  when  fresh  sea 
water  is  put  into  aquariums,  but  there  were 
indications  that  antibiotics  may  sometimes 
harm  invertebrates  exposed  to  them. 

The  importance  of  microorganisms,  es- 
pecially bacteria,  to  the  state  of  the  water 
in  marine  aquariums  can  scarcely  be  over- 
emphasized, and  not  until  we  have  a  better 
understanding  of  bacterial  activities  can 
we  hope  to  develop  a  truly  rational  tech- 
nique of  taking  care  of  it.  The  funda- 
mental difference  between  the  behavior  of 
small  standing  fresh- water  aquariums  and 


those  containing  sea  water  lies  with  their 
microbiology.  The  real  "balance"  of  the 
former  consists  in  the  relatively  stable 
condition  of  its  microbial  population,  even 
in  the  presence  of  quite  large  amounts  of 
organic  material.  The  basis  for  this  phe- 
nomenon is  not  definitely  known.  Breder 
(1931)  has  suggested  that  it  may  be  partly 
the  development  of  buffering  capacity  by 
the  water  and  the  appearance  of  bacterio- 
phage, while  studies  of  Dr.  Seymour 
Hutner  have  indicated  that  the  develop- 
ment of  a  dominant  population  of  preda- 
tory protozoans  is  largely  responsible. 
The  situation  in  fresh  water  may  well  be 
exceptional,  but  the  reasons  for  its  absence 
in  sea  water  would  nevertheless  be  of  in- 
terest. For  example,  bacteriophages  have 
been  found  in  the  ocean  (Spencer,  1960), 
but  they  do  not  seem  to  have  been  looked 
for  in  marine  aquariums  or  other  artificia  1 
environments. 


CHANGES  OCCURRING  IN  SEA    WATER  AFTER  LONG  USE 


The  outstanding  changes  occurring  in 
sea  water  that  has  been  kept  in  circulatory 
systems  for  months  or  years  are  two:  a 
permanent  lowering  of  the  pH  and  an 
accumulation  of  nitrates.  After  20  years 
of  use,  an  analysis  of  the  sea  water  in  the 
New  York  Aquarium  revealed  that  the  ni- 
trate content  had  increased  more  than  250- 
fold  and  that  the  pH  had  dropped  below 
neutrality  (Townsend,  1928).  Similar 
data,  involving  similar  or  shorter  periods 
of  time,  have  been  reported  for  the  Lon- 
don Aquarium  (Stowell,  1926a;  Brown, 
1929;  Oliver,  1957),  the  Amsterdam 
Aquarium  (Honig,  1934;  Sunier,  1951), 
and  the  Ueno  Aquarium  (Saeki,  1958) . 

In  nature,  the  pH  of  sea  water  seldom 
exceeds  8.4  or  drops  below  7.5  (Sverdrup, 
Johnson,  and  Fleming,  1942).  It  is  regu- 
lated by  a  series  of  chemical  equilibria  in- 
volving   carbon    dioxide,    carbonic    acid, 


sodium  bicarbonate,  and  sodium  carbonate 
which  forms  a  buffer  mechanism  and 
makes  possible  the  addition  of  relatively 
large  amounts  of  acid  or  alkali  before  the 
pH  is  appreciably  altered  (Harvey,  1928, 
1955).  If  enough  acid  is  added,  all  the 
excess  base  (alkali  reserve)  will  be  de- 
stroyed, but  this  occurs  at  a  pH  of  5.5,  a 
far  stronger  acidity  than  the  vast  major- 
ity of  marine  fishes  and  invertebrates  can 
endure.  There  has  been  disagreement  as 
to  the  exact  source  of  the  acidity  brought 
about  by  the  metabolism  of  fish,  in  addi- 
tion to  that  caused  by  the  carbon  dioxide 
they  produce,  but  it  is  agreed  that  oxida- 
tion is  the  ultimate  fate  of  practically  all 
the  excretions  of  fish —  which  is,  of  course, 
an  acid-producing  process. 

Three  methods  of  maintaining  the  pH 
in  marine  circulations  have  been  used.  At 
the  Plymouth  Aquarium,  freshly  slaked 
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lime  (Ca(OH)2)  is  periodically  added  to 
the  reservoir  (Brown,  1929;  Atkins, 
1931;  Wilson,  1952,  1960).  At  the  New 
York  Aquarium,  sodium  bicarbonate 
(NaHC03)  was  added  continuously  to  the 
circulating  water  (Breder  and  Howley, 
1931),  and  modifications  of  this  procedure 
have  been  used  by  other  aquariums  in- 
cluding the  John  G.  Shedd  Aquarium 
and  the  London  Aquarium.  At  the 
Amsterdam,  London,  Ueno,  and  New  York 
Aquariums,  quantities  of  some  form  of 
calcium  carbonate  (CaC03)  such  as  bi- 
valve shells,  marble  chips,  coral  sand,  or 
calcite,  are  kept  in  contact  with  the  cir- 
culating water  (Sunier,  1951;  Oliver, 
1957;  Saeki,  1958).  The  relative  merits 
of  treatment  with  slaked  lime  or  sodium 
bicarbonate  were  briefly  argued  by  Breder 
and  Howley  (1931),  Atkins  (1931), 
Breder  and  Smith  (1932),  and  Cooper 
(1932) .  One  noteworthy  aspect  of  this  is 
the  great  importance  that  Breder  (1934) 
attributed  to  the  calcium  ion  in  keeping 
captive  marine  fishes. 

Although  there  are  differences  of  opin- 
ion whether  ammonia  is  the  characteristic 
excretory  product  of  aquatic  organisms 
(Smith,  1953),  it  is  agreed  that  this  sub- 
stance is  at  least  one  of  the  principal  waste 
products  of  fish  and  aquatic  invertebrates. 
It  is  also  the  main  nitrogenous  substance 
resulting  from  the  bacterial  decomposition 
of  plant  and  animal  tissues  under  both 
aerobic  and  anaerobic  conditions  in  sea 
water  (ZoBell,  1959).  Since  ammonia  is 
highly  toxic  to  fish  in  fresh  waters,  par- 
ticularly alkaline  ones  (Doudoroff  and 
Katz,  1950),  and  there  is  every  reason  to 
believe  that  it  is  comparably  toxic  in  sea 
water,  the  fate  of  this  metabolite  is  of  con- 
siderable concern  to  the  marine  aquarist. 
Some  ammonia  passes  into  the  atmos- 
phere ;  the  remainder,  which  is  undoubted- 
ly the  bulk  of  it,  is  oxidized  by  bacteria 
to  nitrites  and  nitrates.  Large  numbers 
of  these  bacteria  are  found  in  aquarium 


filters,  but  some  also  live  on  the  walls  of 
the  tanks  ( Saeki,  1958) .  In  a  quantitative 
experiment  concerning  the  nitrogenous 
substances  in  closed  sea-water  circulations, 
Saeki  (1958)  found  that  about  25  percent 
of  the  decrease  in  ammonia  resulted  from 
oxidation  in  the  filter  by  its  Schmutzdecke. 
Storage  of  aquarium  water  in  the  dark  also 
reduces  its  ammonia  content  (Stowell, 
1926b).  The  latter  may  be  the  result  of 
direct  chemical  oxidation  as  well  as  biotic 
activity  (Harvey,  1955;  Vaccaro,  1962). 
There  are  bacteria  that  reduce  nitrates  and 
nitrites  to  nitrogen  and  others  that  reduce 
nitrates  to  nitrites,  but  what  significant 
part,  if  any,  they  play  in  the  nitrogen  cycle 
of  aquariums  is  unknown. 

In  fresh  water,  nitrates  are  hardly  more 
toxic  to  fish  than  chlorides  (Trama,  1954), 
and  no  adverse  effects  on  marine  species 
have  ever  been  reported.  According  to 
Oliver  (1957),  however,  nitrate  can  inter- 
fere with  the  respiratory  processes  of  some 
animals,  in  particular  marine  inverte- 
brates. Effects  of  nitrite  do  not  ever  seem 
to  have  been  described.  Oliver  (1957)  has 
pointed  out  that  there  is  no  chemical  way 
of  removing  nitrate,  and  to  accomplish 
this  some  adaptation  of  the  denitrifying 
activities  of  bacteria  appears  to  offer  the 
most  promise.  Indeed,  Honig  (1934)  was 
able  practically  to  eliminate  nitrite  and 
nitrate  in  an  experimental  marine  system 
by  encouraging  the  multiplication  of  de- 
nitrifying bacteria,  but  Sunier  (1951)  re- 
ported that  the  practical  application  of  her 
method  presented  difficulties.  In  a  6,600- 
gallon  sea-water  system  at  the  Wuppertal 
zoological  gardens,  the  combination  of  fil- 
tration by  a  pressure  filter  charged  with 
activated  carbon  and  a  specially  encour- 
aged growth  of  marine  algae  kept  nitrite 
and  nitrate  concentrations  within  the 
range  of  natural  sea  water  (Seiffge,  1941), 

The  reduction  of  nitrate  and  nitrite  to 
ammonia  and  the  formation  of  ammonia 
from    bacterial    decomposition    of    pro- 
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teinaceous  substances  causes  an  increase  in 
the  pH  of  sea  water,  while  bacterial  oxi- 
dation of  ammonia  to  nitrite  or  nitrate 
causes  a  decrease  (ZoBell,  1959).    These 


relationships  require  consideration,  for 
Saeki  (1958)  has  reported  that  a  low  pH 
inhibits  the  oxidation  of  ammonia  in 
aquariums. 


DISSOLVED  RESPIRATORY  GASES 


Sea  water  can  dissolve  about  20  percent 
less  oxygen  than  fresh  water;  at  20°  C, 
for  example,  oxygen-saturated  sea  water 
(salinity  36  parts  per  thousand)  contains 
7.12  p.p.m.  of  that  gas,  as  compared  with 
8.84  for  distilled  water  (Truesdale,  Down- 
ing, and  Lowden,  1955) .  A  survey  of  the 
literature  has  shown  that  the  minimum 
oxygen  requirements  of  marine  fishes 
range  from  3.3  to  0.1  p.p.m.  At  the  Lon- 
don and  Plymouth  aquariums,  Brown 
(1929)  found  that  the  sea-water  systems 
were  60  to  90  percent  saturated  with  oxy- 
gen. No  temperatures  are  given,  but  at 
20°  C,  this  would  correspond  to  at  least 
4  p.p.m.,  and  at  30°  C,  to  3.6  p.p.m.,  which 
may  be  considered  adequate  for  the  ma- 
jority of  fishes. 

The  carbon  dioxide  content  of  sea  water 
influences  the  respiration  of  fish  by  reduc- 
ing the  amount  of  oxygen  carried  by  their 
red  blood  corpuscles  (Fry,  1957) .  This  is 
also  a  pH  effect,  and  it  would  therefore  be 
expected  that  sea  water  whose  pH  was 
low — whether  from  an  accumulation  of 
carbon  dioxide  or  a  loss  of  alkali  reserve — 
would  inflict  respiratory  stress  on  various 
fishes.  Although  general  aquarium  exper- 
ience bears  this  out,  no  experiments  to 
demonstrate  the  phenomenon  have  ever 
been  reported.  A  pH  of  7.8  or  more  ap- 
pears to  be  safe  for  all  fishes,  while  one  of 
7.0,  or  even  6.8,  is  adequate  for  some  of 
them  ( Oliver,  1957 ) .  One  important  char- 
acteristic of  carbon  dioxide  and  its  passage 


between  the  sea  and  the  atmosphere  is  that 
the  process  takes  place  relatively  slowly, 
and  even  with  artificial  aeration  may  re- 
quire several  hours  (Harvey,  1928, 1955). 

Marine  fishes  that  are  exposed  to  sea 
water  supersaturated  with  air  frequently 
develop  gas-bubble  disease  in  which  bub- 
bles, mostly  of  nitrogen,  appear  under  the 
skin,  especially  on  the  fins,  and  within 
various  vital  organs,  causing  exophthal- 
mia,  loss  of  equilibrium,  and  death. 
The  supersaturation  generally  results 
from  a  leaky  pump  or  pipeline  which  per- 
mits air  to  enter  and  mix  with  water  that 
is  put  under  pressure,  or  from  a  sudden, 
relatively  great  increase  in  water  tempera- 
ture. Marsh  and  Gorham  (1905)  first  de- 
scribed the  disease  and  its  cause  in  detail, 
and  their  account  was  based  on  its  occur- 
rence in  fishes  living  in  a  sea-water  cir- 
culatory system.  Since  then,  all  investi- 
gations appear  to  have  been  carried  out 
on  fresh- water  species  (Harvey  and 
Smith,  1961).  Dr.  Ross  F.  Nigrelli, 
Pathologist  of  the  New  York  Aquarium, 
has  suggested  that  denitrifying  bacteria 
may  be  a  source  of  nitrogen  that  causes 
gas-bubble  disease. 

For  the  aquarist  or  experimentalist  with 
a  physicochemical  background,  the  pa- 
pers by  Downing  and  Truesdale  (1955, 
1956)  and  Haney  (1954)  provide  basic 
and  theoretical  data  on  the  aeration  of 
aquariums. 


MARINE  CIRCULATORY  SYSTEMS 

From  the  preceding  account,  there  can     relations  between  captive  marine  macro- 
be  little  doubt  of  the  complexity  of  inter-      and  micro-organisms  and  the  sea  water 
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in  which  they  live  (see  fig.  1).  Early  ments  behave  in  the  same  way  as  they  do  in 
aquarists  considered  their  aquariums  and  the  whole  earth's  grand  economy  (e.g., 
water  systems  to  be  microcosms  whose  ele-     Lankester,  1856;  Mather,  1880),  and  this 


Figure  1. — Diagram  of  the  complex  interactions  of  macroorganisms  and  microorganisms  and  envi- 
ronment in  a  marine  aquarium  or  sea-water  system.  Arrows  point  from  the  agent  or  influencing 
factor  to  the  item  changed  or  influenced. 


attractive  but  erroneous  idea  has  persisted 
for  many  years  (see  Stowell,  1926a).  As 
a  consequence,  the  early  aquarists  who  dis- 
covered such  vital  techniques  as  circulat- 
ing the  sea  water,  storing  it  in  the  dark, 
and  aerating  it,  attributed  their  usefulness 
to  quite  incorrect  reasons  (Lloyd,  1871; 
Newman,  1873).  Standing  on  the  shoul- 
ders of  these  pioneers,  we  now  recognize 
many  significant  differences  between  the 
bionomics  of  aquarium  systems  and  the 
sea. 

The  need  for  constant  treatment  of  sea 
water  in  order  to  keep  it  satisfactory  for 
marine  life  is  apparent.  At  the  very  least, 
sea  water  must  be  aerated  continuously, 
but  unless  it  is  to  be  replaced  often  and 
unless  the  ratio  of  volume  of  water  to 


volume  of  animals  living  in  it  is  extremely 
large,  circulation,  filtration,  and  storage 
in  some  sort  of  reservoir  are  also  neces- 
sary. In  a  typical  circulatory  system,  the 
water  flows  from  tank  (exhibition,  hold- 
ing, or  experimental)  to  filter,  to  reservoir, 
and  back  to  tank  (see  fig.  2).  Aerators 
are  frequently  located  between  each  of 
these  units  and  the  next.  The  pump  is 
placed  after  the  reservoir  because  it  is 
least  likely  to  become  clogged  with  ani- 
mals, sand,  or  solid  wastes  at  this  spot. 
A  gravity  tank  greatly  facilitates  the  reg- 
ulation of  water  flow  into  the  animals' 
tanks  and  lessens  the  chance  of  introduc- 
ing water  supersaturated  with  air. 

Systems  in  which  the  water  is  recircu- 
lated, being  used  over  and  over,  are  called 
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Figure  2. — Typical  closed  sea-water  circulatory  system.  The  water  flows  as  follows :  Holding  tank 
(black)  to  return  trough  and  pipeline,  to  manifold  aerator,  to  filter,  to  manifold  aerator,  to 
reservoir,  to  pump,  to  supply  riser,  to  gravity  tank,  to  supply  pipeline,  to  holding  tank.  Note 
that  all  service  units,  except  the  gravity  tank,  are  in  duplicate  and  that  valves  are  arranged 
to  provide  complete  flexibility — that  is,  all  possible  combinations  of  units.  The  holding  tanks 
are  connected  to  two  supply  pipelines,  and  a  length  of  flexible  hose  from  each  overflow  makes 
it  possible  to  use  either  return  trough. 


"closed."  A  typical  "open"  sea-water  sys- 
tem has  been  described  by  Hinton  (1958). 
In  this,  the  water  is  used  once  and  then  dis- 
carded. The  tanks  of  such  a  system  should 
be  connected  in  parallel  to  the  water 
source,  not  in  series,  so  that  each  tank  re- 
ceives the  same  kind  of  water,  and  disease 
cannot  be  spread  through  the  water  from 
tank  to  tank.  Both  Hinton  (1958)  and 
MacGinitie  (1947)  point  out  that  the  stor- 
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age  tank,  which  provides  an  emergency 
supply  of  water  if  the  pumps  fail  and  also 
acts  as  a  settling  tank,  should  not  contain 
more  than  a  36-hour  supply  and  that  a  24- 
hour  supply  is  usually  sufficient. 

In  order  to  prevent  the  spread  of  disease 
and  facilitate  water  treatment,  each  tank 
should  have  its  own  circulatory  system 
wTith  an  individual  pump,  filter,  and  res- 
ervoir, but  the  expense  of  initial  installa- 
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tion  and  of  maintenance  may  preclude  this 
ideal  arrangement,  especially  if  large 
tanks  are  involved.  When  the  units  have 
been  small  enough  (less  than  1,000  gal- 
lons) that  they  could  be  provided  adequate 
circulations  by  means  of  air  lifts,  indi- 
vidual sea-water  circulatory  systems  have 
been  set  up  in  public  aquariums,  for  ex- 
ample, at  Wuppertal  (Wiedemann,  1943) 
and  Bern  (Hediger,  1944).  Ingenious 
modifications  of  filters  and  aquariums 
making  them  more  suitable  for  individual 
circulations  have  been  described  by  Wiede- 
mann, by  Chin  (1959),  and  by  Kelley  and 
Moreno  (1961). 

In  some  sea-water  systems,  there  is  no 
filter ;  instead  the  water  is  allowed  to  pass 
slowly  through  a  large  settling  tank  or 
reservoir.  Herald  et  al.  (1962)  have  com- 
pared this  type  with  the  one  using  filtra- 
tion, and  they  indicate  that  the  latter  car- 
ries a  greater  proportion  of  animals,  viz., 
about  50  gallons  of  sea  water  per  pound 
of  living  animals  as  compared  with  about 
450  gallons  for  a  system  depending  on 
sedimentation  alone.  Wilson  (1952,1960) 
has  described  a  typical  filterless  system. 
In  his  later  paper,  he  stresses  the  im- 
portance of  having  a  reservoir  that  is  cor- 
rectly designed,  and  he  provides  the  de- 


tails of  a  successful  one  now  in  use  at  the 
Plymouth  Aquarium.  One  advantage  of 
sedimentation  over  filtration  is  that  filter- 
feeding  invertebrates  do  better  in  un- 
filtered  water  (Wilson,  1952) . 

Filtering  tests  that  were  made  on  beds 
consisting  of  uniform-sized  silica. sand  by 
William  E.  Kelley  of  the  Cleveland 
Aquarium  (unpublished  report)  and  of  a 
graded  series  of  quartz  or  quartzlike  fil- 
trants  by  Herald  et  al.  (1962)  showed  that 
practically  all  of  the  filtering  was  accom- 
plished in  the  top  few  inches  of  the  bed. 
Conventional  deep  filters  would  therefore 
appear  not  to  be  necessary  in  sea-water 
systems.  Saeki  (1958),  however,  has  de- 
termined the  amount  of  sand  that  will  pro- 
vide space  for  the  bacteria  necessary  to 
oxidize  the  waste  products  of  a  fish,  and 
he  states  that  as  a  minimum  the  filtrant 
should  weigh  30  times  as  much  as  the  fish. 
Evidently  volume  as  well  as  surface 
should  be  considered  in  calculating  filter 
requirements.  An  example  of  a  shallow- 
bed  filter  that  uses  a  uniformly  sized 
filtrant  is  shown  in  figure  3. 

Hinton  (1958)  has  discussed  the  prob- 
lem of  an  optimum  rate  of  flow  in  a  sea- 
water  circulation  and  concludes  that  it  is 
difficult  to  have  too  much  sea  water.    The 
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Figure  3. — Cross  section  of  shallow-bed  filter  seen  in  figure  2.  The  spray  header  acts  as  a  manifold 
aerator,  and  the  baffle  can  be  reversed  to  direct  the  water  into  the  opposite  filter  chamber. 
Backwashing  water  is  introduced  into  the  collecting  drain  line  through  its  elevated  open  end 
(seen  in  figure  2). 


WATER    MANAGEMENT    FOR    MARINE    AQUARIUMS 


13 


water  in  the  tanks  of  the  aquarium  at  the 
Scripps  Institution  of  Oceanography  is 
changed  once  every  3  to  5  hours,  and  this 
has  proved  satisfactory.  At  the  Plymouth 
Aquarium,  however,  a  turnover  of 
slightly  more  than  four  times  a  day  was 
barely  adequate  (Wilson,  1960).  At  the 
Amsterdam  Aquarium,  an  entirely  dif- 
ferent situation  prevails,  with  the  water 
in  each  tank  being  replaced  on  an  average 
of  only  1V2  times  a  day  (Sunier,  1951). 
We  believe  that  for  most  laboratories  and 
aquariums,  an  ideal  rate  would  be  20  to  24 
changes  of  water  a  day  (see  Addendum). 
A  cardinal,  though  unproven,  principle 
of  sea-water  management  is  that  the 
greater  the  volume,  the  slower  its  rate  of 
deterioration.  General  aquarium  experi- 
ence, without  any  doubt,  abundantly  sup- 
ports the  corollary  principle  that  the  ratio 
of  volume  of  sea  water  to  volume  of  an- 
imals kept  in  it  should  be  as  large  as  pos- 
sible. Wilson  (1952)  has  reported  an  in- 
formal experiment  that  was  dictated  by 
World  War  II  at  the  Plymouth  Aquar- 
ium: "During  the  war  when  most  of  our 
big  tanks  were  broken  and  empty,  the  in- 
habitants of  those  which  remained  did 
noticeably  better,  and  delicate  organisms 


survived  longer  than  they  did  before  the 
war,  or  do  now,  and  sometimes  even  bred." 
The  greatest  ratio  ever  maintained  in  a 
large  sea-water  circulation  seems  to  be  that 
in  the  Amsterdam  Aquarium,  where  the 
tanks  containing  the  marine  animals  com- 
prise but  one  sixth  of  the  total  volume  of 
the  system.  One  way  of  lengthening  the 
useful  life  of  a  volume  of  sea  water  is  to 
divide  it  into  two  equal  parts  and  alterna- 
tively "rest"  half  of  the  water  in  a  dark 
reservoir,  usually  for  a  month  or  6  weeks 
(Stowell  and  Clancey,  1927;  Wilson,  1952, 
1960). 

ADDENDUM 
On  the  basis  of  the  work  of  Saeki  (1958) 
and  experiments  recently  performed  at  the 
Cleveland  Aquarium,  Kelley  (1963)  has 
described  the  parameters  of  an  ideal  sea- 
water  circulatory  system.  The  relation  of 
volume  of  water  to  weight  of  animals 
maintained  in  it  is  100  gallons  to  1  pound. 
The  water  circulates  completely  once  every 
hour  and  passes  through  the  filter  at  a 
rate  of  1  gallon  per  square  foot  per  minute. 
The  filtrant  consists  of  2-  to  5-mm.  grains 
of  silica  gravel  (75  percent)  and  calcareous 
gravel  (25  percent)  and  there  is  1  cubic 
foot  of  it  for  each  pound  of  animal. 
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A  NEW  FORMULA  FOR  ARTIFICIAL  SEA  WATER 

By  Richard  Segedi  and  William  E.  Kelley 

The  Cleveland  Aquarium,  Cleveland,  Ohio 

Abstract. — An  artificial  substitute  for  sea  water  is  offered  which  has  performed  well 
in  keeping  both  vertebrates  and  invertebrates  at  the  Cleveland  Aquarium.  The  formula 
is  assembled  and  stored  for  convenient  use  as  a  4-part  preparation. 


The  use  of  artificial  sea  water  is  nearly 
as  old  as  the  keeping  of  marine  aquariums. 
In  1854,  Gosse,  who  was  one  of  the  prin- 
cipal popularizers  of  the  home  aquarium, 
both  fresh-water  and  marine,  described  his 
experiences  with  simple  mixtures  of 
readily  available  chemicals  that  could  be 
used  when  natural  sea  wTater  proved  too 
difficult  to  procure. 

This  was  hardly  a  year  after  the  open- 
ing of  the  world's  first  public  aquarium  in 
London.  A  few  unsuccessful  experiments 
with  synthetic  sea  wTater  were  subsequently 
carried  out  in  some  of  the  early  aquariums, 
but  the  first  institution  to  use  it  with  any 
success  appears  to  have  been  the  Berlin 
Aquarium,  which  opened  to  the  public  in 
1869.  The  recipe  wTas  a  simple  one,  involv- 
ing only  four  salts,  and,  like  the  mixtures 
concocted  by  Gosse,  it  required  an  inocu- 
lation of  seaweed  or  some  similar  living 
organisms  to  make  it  fit  for  higher  forms 
of  marine  life  (Hoffmann,  1884).  If  the 
great  success  claimed  for  this  Ersatzsee- 
wasser  wTas  not  at  all  exaggerated,  it  is  diffi- 
cult to  find  any  reason  why  most  aquariums 
did  not  evenutally  adopt  it.  However, 
very  few  institutions  have  found  artificial 
sea  water  to  be  a  satisfactory  substitute  for 
the  natural  product,  one  noteworthy  ex- 
ception being  another  Berlin  aquarium, 
which  opened  to  the  public  in  1913,  as  de- 
scribed by  Heinroth  (1937). 


Several  different  formulas  for  artificial 
sea  water  have  been  devised  (table  1). 
The  number  of  ingredients  in  them  varies 
from  4  to  14,  but  the  avowred  purpose  of 
them  all  was  to  provide  as  close  a  facsimile 
as  possible  to  actual  sea  water. 

THE   BACKHAUS   FORMULA 

In  December  1960,  one  of  us  (Kelley) 
visited  the  Exotarium  of  the  zoological 
gardens  of  Frankfurt  am  Main,  and  while 
there  wTas  most  favorably  impressed  with 
both  the  practical  and  the  theoretical  as- 
pects of  the  synthetic  sea  water  that  had 
been  prepared  by  Dr.  Dieter  Backhaus  of 
that  institution.  Dr.  Backhaus'  approach 
to  the  problem  had  not  been  to  try  to  imi- 
tate natural  sea  water,  but  to  produce  the 
artificial  medium  in  which  marine  animals 
would  thrive  best,  regardless  of  how  close- 
ly it  might  or  might  not  resemble  the  com- 
position of  sea  water  in  nature.  It  was 
recognized  that  the  synthetic  mixture 
wTould  have  to  resemble  natural  sea  water 
at  least  in  the  rough  proportions  of  its 
principal  salts,  but  these  were  only  taken 
as  a  general  guide  in  the  first  formulations. 
The  appearance  and  behavior  of  the  many 
marine  fishes  and  invertebrates  on  exhibi- 
tion at  the  Exotarium  attested  to  the 
soundness  of  the  new  approach,  and  Dr. 
Backhaus  graciously  made  his  formula 
available  to  us  for  further  experiment. 
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We  have  modified  the  Backhaus  for- 
mula for  artificial  sea  water  into  a  4-step 
preparation  as  shown  below  (for  prepar- 
ing 100  gallons  with  specific  gravity  of 
1.025): 

PART  I 

NaCl 


MgCl2.6H20_ 
MgS04.7H20. 
KC1 

NaHC03 

SrCl2.6H20__ 


10.43 

kg. 

Technical 
grade. 

2.  04 

kg. 

Do. 

2.62 

kg. 

Do. 

277.8 

g- 

Do. 

79.4 

g- 

Do. 

7.  5 

g- 

Analytical 
reagent. 

1.  5 

g. 

Do. 

1.  25 

g. 

Do. 

.375 

g- 

Do. 

.375 

g. 

Do. 

Mn(S04)2 

Na2HP04.  7H20. 
LiCl 

Na2Mo04.  2H20. 


PART  II 

CaCl2 522  g.     Technical 

grade. 

Trace  Element  Stock  Solutions 

Add  80  cc.  each  of  solutions  III  and  IV. 


PART  III 


Calcium  Gluco- 
nate  

KI 


6.25        g.     U.S.P. 

.9  g.     Analytical 

reagent. 

KBr 270.00        g.  Do. 

CuS04.  5H20 4.3  g.  Do. 

Dissolve  in  2  liters  of  distilled  water. 


AlaCSOOi 


CoS04. 
RbCl_ 


ZnS04.  7H20. 


PART  IV 
4.  5 

.  5 
1.5 

.96 


g.  Analytical 
reagent. 

g.     Feed  grade. 

g.  Analytical 
reagent. 

g.  Do. 


Dissolve  in  2  liters  of  distilled  water. 

We  have  also  altered  a  few  of  the  pro- 
portions of  its  constituents : 

1.  The  Backhaus  formula  includes  slightly 
more  than  a  millionth  part  of  iron,  which  we 
have  omitted  because  our  Great  Lakes  tap  water 
is  relatively  rich  in  this  element. 

2.  The  Backhaus  formula  calls  for  about  one 
five-thousandth  part  of  zinc  sulfate  and  one 
fifty-thousandth  part  of  copper  sulfate.    Fearing 


synergistic  toxicity,  we  have  reduced  these  to  the 
amounts  found  in  natural  sea  water. 

3.  We  have  eliminated  the  boric  acid  used  by 
Dr.  Backhaus  to  inhibit  plant  growth  in  amounts 
up  to  six  ten-thousandth  parts. 

We  have  not  found  it  necessary  to  use 
chemically  pure  (CP)  substances  through- 
out as  did  Dr.  Backhaus. 

Part  I  of  the  formula  consists  of  its 
gross  dry  components,  and  these  may  be 
weighed  and  placed  in  a  mixing  tank.  A 
hard  stream  of  water  directed  into  them 
will  dissolve  these  chemicals.  The  con- 
tainer may  then  be  filled  almost  to  the  level 
of  the  desired  specific  gravity. 

Part  II,  which  consists  of  the  calcium 
chloride,  is  dissolved  in  hot  water  and 
added  to  the  mix.  Additional  water  may 
then  be  added  to  bring  the  mix  to  the  cor- 
rect specific  gravity.  Calcium  chloride  is 
mixed  separately  because,  at  the  high  con- 
centrations of  the  gross  components,  it  will 
react  with  the  magnesium  sulfate  to  form 
magnesium  chloride  and  calcium  sulfate, 
the  latter  of  which  will  precipitate. 

Parts  III  and  IV,  which  are  stock  solu- 
tions of  trace  elements,  may  now  be  added 
to  the  mix.  Liquid  stock  solutions  of 
these  are  desirable  because  (1)  the  assem- 
bly of  the  parts  is  made  more  convenient, 
(2)  some  of  the  compounds  providing 
trace  elements  must  be  dissolved  by  heat 
(calcium  gluconate,  cobalt  sulfate,  and 
aluminum  sulfate),  and  (3)  better  quanti- 
tative accuracy  may  be  achieved  by  weigh- 
ing out  relatively  large  amounts  for  the 
stock  solutions.  If  chlorinated  tap  water 
has  been  used,  the  solution  must  be  aerated 
for  a  day  or  two  before  adding  parts  III 
and  IV,  or  the  residual  chlorine  will  dis- 
place the  ionic  bromine  and  iodine  since 
the  latter  occupy  a  lower  position  in  the 
electromotive  series. 

We  have  been  able  to  maintain  marine 
invertebrates  indefinitely  in  this  artificial 
sea  water — something  we  have  not  been 
able  to  do  with  any  other  type. 
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A  summary  of  references  to  various 
types  of  artificial  sea  water  is  given  in  the 
following  listing : 

Originator  Reference 

Hermes,  ca.  1880_   Hoffmann  (1884). 

Schmalz,  ca.  1913_  Heinroth  (1937),  Needham 
et  al.  (1937),  Hediger 
(1944). 

Von  Flack Needham  et  al.  (1937). 

McClendon  et  al.,  Needham  et  al.  (1937),  Sver- 
1917.  drup   et   al.    (1942),    Red- 

field  (1948),  Getchell 
(1953). 


Originator 
Brujewicz  ( in  Su- 
bow,  1931). 

Penn,      A.B.K., 
1934. 

Lyman  and  Flem- 
ing, 1940. 

Dahlholzli 

U.S.     Navy    cor- 
rosion test. 
Aquarium. 

John    G.     Shedd 
Aquarium. 

Wilder,  1953 


Reference 
Sverdrup      et      al.       (1942), 

Redfield     (1948),    Getchell 

(1953). 
Needham  et  al.  (1937) . 

Sverdrup  et  al.  (1942), 
Redfield  (1948),  Getchell 
(1953),  Harvey  (1955). 

Hediger  (1944). 

Redfield  (1948). 
Getchell  (1953). 
Pachtman  (1956). 
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NOTES  FROM  THE  AQUARIUM 

OF  THE  MARINE  LABORATORY,  ABERDEEN 

By  H.  J.  Thomas 

Department  of  Agriculture  and  Fisheries  for  Scotland,  Marine  Laboratory,  Aberdeen,  Scotland 

Abstract. — The  closed  circulation  system  described  comprises  twin  reservoir  tanks, 
service  tank,  header  tank,  display  tanks,  and  filter  bed.  Special  features  include  con- 
struction in  water-tightened  concrete  with  vulcanite-lined  cast-iron  or  alkathene  tubing, 
reservoir  tank  capacity  five  times  that  of  the  display  tanks,  aerator  pump  which  is  water 
sealed,  and  the  use  of  marble  chips  in  the  filter  bed.  The  aquarium  is  furnished  with 
several  levels  of  temperature  control  to  allow  maintenance  of  the  appropriate  seasonal 
sea  temperature.  Isolation  tanks  are  provided  for  experiments  which  might  involve 
risks  if  undertaken  in  the  main  system. 

The  Marine  Laboratory's  aquarium  is  Refrigerator  rated  capac- 

essentially  a  research  tool,  but  the  basic         ^ 60,000  B.t.u. 

design,  stocking,  and  temporary  decora-      Heater  capacity 3  kilowatts- 

tion  of  the  tanks  is  adapted  to  afford  as  Reinforced,  water-tightened,  sulphate- 
high  a  standard  for  display  as  is  com-  resisting,  concrete  units  are  poured  in  a 
patible  with  the  primary  function.  single  operation,  thereby  avoiding  sutures 

with  consequent  corrosion  of  the  reinf  orc- 
STRUCTURAL  DATA  ing  by  sea  water.    In  the  reservoir  tanks 
The  basic  layout  follows  the  standard  where  single-operation  pouring  is  difficult, 
pattern  for  a  closed-circulation  sea-water  the  outer  reinforced-concrete  shell  is  lined 
aquarium  (figs.  1  and  2) .    The  relevant  with  asphalt,  and  this  in  turn  is  supported 
capacities  and  ratings  of  the  main  aquar-  by   a  brick  layer   internally   faced   with 
ium  installations  are  as  follows :  water-tightened  concrete.     The  reservoir 
Volume  of  large  display  tanks  are  constructed  with  a  sump  to  fa- 
tanks  (9  at  5  by  5  by  5  cilitate  pumping  out. 

feet) 7,000  gallons.  Display-tank  walls  are  smoothed,  and 

Volume  of  small  display  all  corners  are  rounded, 

tanks  (8  at  3  by  2%  by  :  .               . 

2%  feet) 800  gallons.  One-mch-thick  plate-glass  fronts  to  the 

Volume  of  portable  tanks  display  tanks  are,  at  their  deepest,  4  feet  6 

(as  required).— 400  gallons.  inches  from  the  water  surface.     Glasses 

TTaanVsV0-!m-!_— _dl!P! !!_   8,000  gallons.  are   bonded   int°  P0sitl°n  with  Glastic0n 

Volume  of  service  tank 500  gallons.  cement  of  the  grade  appropriate  to  the 

Volume  of  header  tank 350  gallons.  area  of  the  bonding  surface,  which  must 

Re » e r v  o i  r/sedimenta-  be  and  tQ  the  d     th  of  the  tank 

tion  twin  tanks,  each  of  ^  .    .      ,  ,  •    •        •       j.       i 

capacity 40,000  gallons.  Tne  original  sea-water  piping  is  of  vul- 

Main    circulation    pump  canite-lined    cast    iron.     Extensions    and 

rated  capacity 4,000     gallons     per      replacements  are  undertaken  using  alka- 

Filter  bed,  combined  total  thene    (ImPerial    Chemical    Industries- 

filter  area 12  by  16  feet.  I.C.I.— black  polyethylene) . 
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Figure  1. — Circulation  system  of  the  main  aquarium:  B,  experimental  benches  (high  and  low); 
C,  cooling  coils  ;  Dt  to  D9,  large  display  tanks ;  di  to  ds,  small  display  tanks  ;  E,  immersion  heater ; 
F,  filter ;  H,  header  tank ;  Pi,  main  circulation  pump ;  P2,  cooling  circulation  pump ;  R,  reservoir- 
sedimentation  tank  (duplicated)  ;  8,  service  tank. 


Valves  are  of  the  rubber  diaphragm 
type  with  vulcanite  linings  (Dexine  Rub- 
ber &  Ebonite  Ltd. ) . 

Cut-in/cut-out  electrical  probes  have 
carbon  contacts  (stainless-steel  probes 
were  found  to  be  unsatisfactory)  con- 
nected to  relays  (Sunvic  Controls  Ltd.). 

Air  at  10  to  14  pounds'  pressure  is  sup- 
plied by  a  water-sealed  compressor  (Nash 
Engineering  Company).  This  avoids  oil 
droplets  in  the  air  compressed  by  oil- 
sealed  pumps.  A  trap  fitted  with  a  float 
valve  collects  and  drains  off  the  fresh  wa- 
ter arising  from  droplets  carried  over 
with  the  compressed  air.  Aeration  facili- 
ties are  provided  to  each  tank,  but  their 
use  is  exceptional  where  tanks  are  on  cir- 
culation. 

OPERATING  DATA 

The  twin  reservoir-sedimentation  tanks, 
each  of  40,000  gallons'  capacity,  are  used 
in  the  circulation  on  alternate  weeks. 


Sea  water  is  added  to  the  system  to 
make  up  for  losses  in  siphoning  and  main- 
tenance ;  to  provide  the  maximum  refresh- 
ing, any  surplus  water  is  run  off  so  that 
an  addition  of  clean  sea  water  can  be  made 
at  the  rate  of  4,000  gallons  monthly.  In- 
coming water  is  added  to  the  tank  not  on 
circulation,  thereby  allowing  a  period  for 
seasoning.  Sea  water  is  transported  by 
lorry  in  a  collapsible  Portolite  container 
(Marston  Excelsior  Ltd.,  LCI.). 

The  sand  filter  bed  comprising  twin  sec- 
tions is  wholly  in  use  except  for  the  shut- 
ting off  of  a  half  section  for  periodic 
maintenance.  This  procedure  maintains 
the  filters  in  a  much  better  condition  than 
alternate  use.  The  pattern  of  the  filter  is 
that  normal  for  domestic  fresh-water  sup- 
plies, but  incorporated  in  the  bottom  of  the 
filter  is  a  layer  of  coarse  marble  chips. 
This  is  considered  to  be  responsible  for 
the  marked  stability  of  the  pH  in  the 
aquarium,  which  has  constantly  remained 
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Figure  2. — Semipublic  part  of  the  aquarium.  On  the  left  are  the  large  built-in  display  tanks  illus- 
trated in  figure  1,  Di  to  D5 ;  D6  to  D9  can  be  seen  through  the  door  into  the  experimental  aquar- 
ium. Access  to  these  aquariums  is  by  a  servicing  platform  behind  the  tanks.  The  center 
tank  is  purely  decorative.    The  small  display  tanks,  di  to  d%,  are  on  the  right. 


within  the  limits  normal  for  water  in  the 
open  sea.  Incorporation  of  marble  has 
not  resulted  in  any  marked  increase  in  the 
calcium  content  of  the  sea  water,  which 
is  around  425  mg.  per  liter. 

Salinity  has  remained  at  around  34 
parts  per  thousand  and  there  has  been  no 
occasion  to  compensate  for  evaporation. 

With  few  exceptions  food  is  restricted 
to  squid  cut  to  a  suitable  size  and  washed. 
This  food  has  the  advantage  of  being  firm, 
and  its  use  reduces  to  a  minimum  the  wa- 
ter-soluble and  particulate  matter  which  is 
not  taken  up  by  the  aquarium  animals. 


Unvaried,  it  appears  to  afford  a  satisfac- 
tory diet. 

Live  material  is  transported  in  a  carry- 
ing tank  designed  to  restrict  violent  move- 
ments of  water  (fig.  3).  When  the  tank 
is  stocked  for  carrying,  the  domed  cover 
is  secured  in  position,  and  water  is  added 
to  bring  the  surface  level  into  the  narrow 
chimney. 

Each  tank  of  the  aquarium  can  be  iso- 
lated from  circulation  and  in  these  cir- 
cumstances is  furnished  with  a  small  port- 
able filter.  Sea  water  is  maintained  in 
circulation  over  this  filter  by  means  of  an 
air  lift  (see  also  Isolated  Tanks,  page  25). 
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Figure  3. — Carrying  tank  for  live  material. 

TEMPERATURE  CONTROL 

For  general  purposes  the  aquarium  wa- 
ter is  allowed  to  take  up  its  natural  tem- 
perature. In  hot  weather,  however,  the 
maximum  temperature  is  held  to  about  14° 
C,  whilst  in  cold  weather  a  minimum  of 
around  6°  C.  is  maintained. 

Heating  or  cooling  under  thermostatic 
control  is  applied  in  the  service  tank  (fig. 
1)  which  is  effectively  that  section  of  the 
reservoir  tank  from  which  sea  water  is  im- 
mediately drawn  to  supply  the  aquarium 
system.  The  cooling  system  is  rated  to 
maintain  a  maximum  temperature  of  12° 
C.  The  heating  system  is  capable  of  hold- 
ing 8°  C.  minimum  temperature  through- 
out the  aquarium.  This  allows  for  the 
aquarium  being  run  throughout  the  year 
at  the  appropriate  seasonal  temperature 
normal  to  the  open  sea  around  Scotland. 
Alternatively,  most  of  the  year,  the  aqua- 
rium can  be  run  at  any  desired  normal 
temperature  between  5°  and  16°  C.  In 
extremes  of  climate,  such  a  desired  tem- 


perature can  be  held  over  a  part  of  the 
aquarium  system  with  the  remainder  off 
circulation. 

SPECIAL  FEATURES 

Temperature  control  is  the  most  fre- 
quent requirement  in  an  experimental 
aquarium.  In  addition  to  the  general  con- 
trol outlined  above,  two  tanks,  each  of  700 
gallons'  capacity,  which  are  normally  in- 
corporated in  the  general  circulation,  can 
be  isolated,  either  singly  or  together,  into 
a  separate  unit  controllable  as  to  tempera- 
ture within  the  range  4°-20°  C.  (figs.  4 
and  5).  The  system  alternatively  pro- 
vides an  offtake  of  temperature-controlled 
sea  water  to  the  circulation  bench  for  use 
with  portable  tanks.  The  relevant  capac- 
ities and  ratings  for  the  temperature- 
controlled  system  are  as  follows: 

Volume    of    twin    display    tanks 

(700  gallons  each) 1,400  gallons 

Volume  of  header  heat-exchanger 

tank 100  gallons 

Circulation  pump  rated  capacity—  1,000  gallons 

per  hour 

Refrigerator  rated  capacity 27,000  Btu 

Heater  capacity 6  kilowatts 

Experimental  procedures  frequently  de- 
mand a  sea-water  tank  controlled  to  a  tem- 
perature below  room  temperature.  A 
small  unit  (preferably  transportable) 
used  for  cooling  a  number  of  small  tanks 
to  different  preset  temperatures  is  shown 
in  figure  6.  A  reservoir  of  brine,  or  anti- 
freeze solution,  is  maintained  at  a  low 
temperature,  and  this  is  pumped  through; 
glass  cooling  coils  immersed  in  the  water 
of  the  experimental  tank(s).  The  opera- 
tion of  the  pump  is  thermostatically  con- 
trolled. The  number  of  tanks  which  can 
be  coupled  to  this  system  depends  on  the1 
regulated  temperatures  to  be  maintained. 
It  can  be  materially  increased  by  insu- 
lating the  experimental  tanks  against  heat1 
loss. 
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Figure  4. — Circulation  system  of  the  temperature-regulated  experimental  tanks:  B,  experimental 
bench  ;  0,  cooling  coils ;  E,  immersion  heater ;  F,  filter ;  H,  header  and  temperature-control  tank ; 
P,  circulation  pump ;  Ti,  experimental  tank,  depicted  on  general  circulation ;  T2,  experimental 
tank,  depicted  on  temperature-control  circulation. 


ISOLATED  TANKS 

Experiments  frequently  involve  dis- 
eased fish  or  techniques  which  may  con- 
taminate the  sea  water.  Such  experiments 
must  be  undertaken  in  such  a  way  that 
there  can  be  no  risk  to  the  general  aquar- 
ium circulation,  namely,  in  a  separate  sea- 
water  tank  system.  The  unit  described 
below  has  proved  most  serviceable  and 
consequently  is  preferred  even  where  the 
procedures  involved  are  no  bar  to  the  use 
of  the  main  aquarium.  The  system  is  sim- 
ple and  relatively  cheap  to  construct. 

The  unit  consists  of  two  reinforced-con- 
crete  tanks  12  by  6  by  6  feet,  each  capable 
of  subdivision  by  a  sectional  teak  partition 
(fig.  7) .     An  air  lift  maintains  circulation 


of  the  sea  water  over  a  sand  filter,  whence 
it  gravitates  back  to  the  bottom  of  the  ex- 
perimental tank.  The  base  of  the  filter 
is  at  the  level  of  the  top  of  the  tank  so  that 
the  lift  is  a  minimum.  Aeration  is  pro- 
vided using  two  Doulton  filter  candles 
(Doulton  &  Co.  Ltd.),  grade  KF,  as  atom- 
izers. The  constructional  details  follow 
those  outlined  for  the  main  aquarium. 
The  tanks  and  filters  are  unhoused  and 
fitted  with  removable  covers. 

GENERAL 

It  frequently  happens  that  when  an 
aquarium  is  in  design  there  are  a  number 
of  research  projects  immediately  envis- 
aged.    Nevertheless  it  is  essential  that  the 
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Figure  5. — Experimental  aquarium.  On  the  left  is  the  low  experimental  bench ;  the  high  bench  is 
in  the  center.  Our  aquarium  assistant  is  seen  working  at  a  teak-topped  bench  fitted  with  hot 
and  cold  fresh  water  and  sea  water,  all  running  to  waste. 


basic  design  be  kept  simple  so  as  to  be  as 
flexible  as  possible.  In  this  way  the  in- 
evitable misconceptions  in  the  original 
research  projects  will  be  most  readily  rem- 
edied and  thereafter  the  system  be  adapt- 
able to  the  widest  possible  variety  of 
conditions  and  requirements. 

Successful  operation  of  an  experimental 
aquarium  depends  upon  regular  inspec- 
tion and  maintenance  of  the  supply  system. 
We  have  found  this  to  be  greatly  facili- 
tated by  using  standard  checklists.  Those 
developed  for  use  with  our  system  are 
shown  below.1 


1  Editor's  note:  These  check  lists,  furnisned  inci- 
dentally by  the  author  for  our  edification,  are  included 
here  because  we  believe  that  such  working  details 
should  have  great  interest  to  those  charged  with  the 
day-to-day  operation  of  sea-water  supply  systems. 


DETAILS  OF  AQUARIUM  MAINTENANCE 

Daily  maintenance 

1.  Change  over  all  duplicated  pump  motors 
(three)  and  check  all  other  pumps  and  refrig- 
erator motors  in  use  (12)  functionally. 

2.  Remove  dead  animals  from  tanks. 

3.  Feed  aquarium  animals  as  necessary. 

4.  Check  daily  diary  for  experiments  being 
initiated  or  completed  and  for  arrival  of  live- 
stock etc.,  taking  the  necessary  action. 

5.  Check  functionally  the  aerators  in  use 
(two)  and  the  air  pressures. 

6.  Check  each  tank,  including  isolated  units, 
for  (a)  air  supply,  (&)  level  of  water,  (c)  rate 
of  circulation,  (d)  cleanliness  of  the  water,  and 
(e)  cleanliness  of  the  overflow  pipe. 

7.  Check  temperatures  as  shown  by  recorders 
(two)    and  thermostatic  control  of  the  system. 

8.  Check  functionally  the  refrigerator  units 
in  use  (three),  including  blower  motor  and  pres- 
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Figure    6. — Unit   for   coling   a   number    of   portable   experimental   tanks   to   varying   controlled 

temperatures. 


sure  of  the  refrigerant.  Check  the  rate  of  cir- 
culation of  sea  water  over  the  refrigerator  coils. 
Check  heater  functionally  on  temperature  con- 
trolled tanks. 

9.  Clean  up  the  aquarium  and  ancillary  rooms 
(pumprooms  etc.) 

10.  Remove  any  uneaten  food  material.  Siph- 
on off  excreta  and  other  debris  from  the  tanks. 

11.  Make  up  sea  water  to  the  appropriate 
level  in  any  isolated  tanks. 

12.  Obtain  supply  of  food  material  as  required. 

13.  Make  up  daily  diary. 

Weekly  maintenance 

1.  Take  pH  of  the  sea  water  and  adjust  if 
necessary. 

2.  Take  salinity  of  the  water,  adjusting  for 
evaporation  where  necessary. 

3.  Clean  the  glasses  of  the  tanks. 

4.  Change  over  to  the  duplicate  aerator  motor. 

5.  Renew  the  sheets  in  the  temperature-re- 
corder units  (two).  Refill  the  pens  with  ink 
and  check  the  accuracy  of  the  recorder  tempera- 
ture.   Check  all  thermostat  controls  functionally. 


6.  Check  the  level  of  the  water  in  the  reservoir 
tanks.  Arrange  for  topping  up  if  necessary. 
Ensure  adequate  reserves  of  sea  water  in  tanks 
and  carboys. 

7.  Change  over  to  the  alternate  reservoir  tank. 

8.  Clean  out  the  aquarium  and  ancillary 
rooms. 

9.  Check  all  probes,  including  the  action  of 
the  emergency  probes,  in  both  header  tanks  and 
sump. 

10.  Check  functionally  all  circuit  breakers, 
overload  and  other  switches. 

11.  Check  functionally  all  lighting  and  power 
points.     Clean  as  necessary. 

12.  Clean  and  grease  all  sea-water  pump 
motors.  Check  for  corrosion.  Clean  off  rust 
and  repaint  as  necessary. 

13.  Examine  outflow  inspection  chamber  as  a 
check  on  leakage  and  inspect  pumprooms  and 
all  tank  rooms  for  sea-water  leakages. 

Monthly  maintenance 

1.  Drain,  clean  out,  and  reestablish  each  tank 
on  a  6-month  rotational  basis. 
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2.  Examine  sea-water  filters,  renewing  small 
individual  filters  as  necessary. 

3.  Lift  covers  to  ducts  in  north-block  aquarium 
and  hose  out  ducts.  Clear  rust  from  ironwork 
and  touch  up. 

4.  Clean  and  grease  the  refrigerator  units 
(three)  and  blower  motor. 

5.  Clean    and   grease    aerator    units    (three). 

6.  Examine  all  machinery,  lighting  reflectors, 


conduit  switches,  etc.  for  corrosion.     Clean  off 
rust  and  touch  up  as  necessary. 

7.  Remove  Sunvic  thermostats.  Clean  hous- 
ings and  control  unit.  Protect  the  bimetal  strips 
by  dipping  in  light  oil. 

Quarterly  maintenance 

1.  Check  air  filters  (three)  for  cleanliness; 
renew  as  necessary. 
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Figure  7. — Isolated  experimental  tanks.  The  covers  to  tank  1  and  its  associated  filter  unit,  as  well 
as  the  access  cover  to  the  inspection  pit  for  the  air  lift,  are  removed.  The  sectional  teak  parti- 
tion used  to  divide  the  tank  is  shown  dotted  in  position,  as  also  are  the  internal  aeration  pipes 
and  atomizers. 


A  CLOSED  CIRCULATING  SEA-WATER  SYSTEM 

By  M.  S.  Gordon  and  R.  A.  Boolootian 

Department  of  Zoology,  University  of  California,  Los  Angeles,  Calif. 

Abstract. — The  closed  circulating  sea-water  system  of  the  Department  of  Zoology, 
University  of  California  at  Los  Angeles,  is  described,  and  some  parts  are  illustrated. 
Some  important  changes  which  would  improve  system  operation  are  listed.  These  in- 
clude changes  in  construction  materials  for  large  water  tanks  and  sea-water  return  lines, 
and  changes  in  the  types  of  pumps. 


The  Life  Sciences  Building  of  the  Uni- 
versity of  California  at  Los  Angeles  con- 
tains a  large,  closed  circulating  sea-water 
system  which  is  used  for  both  research  and 
teaching  purposes.  This  system  has  a  ca- 
pacity of  about  25,000  gallons  of  sea  water 
and  has  functioned  very  successfully  since 
the  fall  of  1958.  A  wide  variety  of  ma- 
rine vertebrates  and  invertebrates  have 
been  maintained  in  the  system  for  long 
periods. 

STRUCTURE  OF  THE  SYSTEM 

The  system  extends  through  six  floors 
of  the  Life  Sciences  Building.  A  base- 
ment room  of  the  building  contains  two 
concrete  storage  tanks  of  about  9,500- 
gallon  capacity  each,  two  1,300-gallon  ca- 
pacity sand  gravity  niters  in  redwood 
tanks,  an  1,800-gallon  redwood  supply 
tank,  associated  hard-rubber  and  poly- 
vinyl-chloride  (PVC)  unplasticized  plas- 
tic piping,  and  several  pumps  (see  figs.  1 
and  2) .  From  this  basement  room  the  sea 
water  is  pumped  through  a  hard-rubber 
pipe  to  two  750-gallon  capacity  redwood 
gravity  tanks  on  the  fifth  floor  of  the 
building  (fig.  3).  The  water  then  circu- 
lates by  gravity  flow  through  hard- rubber 
and  PVC  plastic  pipes  to  3  aquarium 
rooms  and  10  sea-water  tables  in  various 
classrooms  in  different  parts  of  the  build- 


ing. From  these  aquarium  rooms  and  sea- 
water  tables  (fig.  4)  the  water  returns  to 
the  storage  tanks  in  the  basement  through 
Transite  pipes. 

The  water  is  pumped  from  the  main 
storage  tank  in  use  (one  of  the  two  storage 
tanks  is  used  at  a  time,  the  other  being 
kept  as  a  reserve  supply  of  sea  water)  into 
the  two  filter  tanks  by  means  of  one  of 
two  small,  neoprene- rubber-lined  cast- 
iron  centrifugal  pumps  (3-horsepower 
electric  motors,  Galigher  Vacseal  pumps, 
1%-inch  diameter  outlet;  fig.  2,  A,  B). 
From  the  filter  tanks  the  water  siphons 
into  the  central  supply  tank  (fig.  1,  E), 
from  which  it  is  pumped  by  a  large  sup- 
ply pump  (fig.  2,  C)  to  the  gravity  feed 
tanks  on  the  fifth  floor.  The  head  against 
which  the  main  supply  pumps  operate  is 
approximately  95  feet.  There  are  two 
main  pumps,  but  only  one  operates  at  a 
time,  the  second  being  kept  in  reserve. 
Both  main  pumps  are  powered  by  10- 
horsepower  electric  motors  and  are  cast- 
iron  centrifugal  pumps  lined  with  high 
carbon  content  neoprene  rubber  (Gali- 
gher Vacseal,  2-inch  diameter  outlet). 
The  pumps  were  originally  designed  for 
use  as  slurry  pumps  in  mining  operations. 

All  pipes  and  fittings  in  the  supply  part 
of  the  system  are  fabricated  either  of  hard 
rubber    or    of    unplasticized    PVC.     All 
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Figure  1. — Upper  level  of  the  basement  pumproom.  Sea-water  system  components  include  the  two 
concrete  main  storage  tanks  (A,  B),  the  two  redwood  gravity  filter  tanks  (C,  D),  the  redwood 
main  supply  tank  (E),  and  one  of  two  Transite  pipes  (F),  leading  from  openings  in  the  pave- 
ment outside  the  building,  through  which  new  sea  water  is  added  to  the  system.  The  Transite 
main  return  line  from  the  building,  suspended  from  the  ceiling,  crosses  the  center  of  the  figure. 
Water  returns  to  the  storage  tanks  at  the  right-hand  edge  of  the  figure.  Since  this  photograph 
was  taken,  the  interiors  of  both  storage  tanks  have  been  painted  white  with  a  nontoxic  plastic 
paint.     This  facilitates  their  use  as  aquariums  for  larger  animals. 


large- diameter  valves  are  of  the  dia- 
phragm type,  with  neoprene-rubber  gas- 
kets. Water  tables  in  aquarium  rooms 
and  classrooms  are  fitted  with  banks  of 
hard-rubber  stopcocks  (fig.  4).  They  are 
also  supplied  with  hard-rubber  com- 
pressed-air lines.  The  water  tables  them- 
selves are  constructed  of  reinforced 
concrete. 

Each  of  the  three  aquarium  rooms  has 
a  large  Pyrex  glass  countercurrent  heat 
exchanger  fitted  into  its  sea-water  supply 
line.     Each  of  these  heat  exchangers  is 


supplied  with  refrigerated  fresh  water 
from  individual  refrigeration  units  in  ad- 
jacent parts  of  the  building.  Thermo- 
stats allow  fixing  of  the  temperature  of 
the  sea  water  leaving  each  heat  exchanger. 
Specific  setups  in  the  three  aquarium 
rooms  and  on  each  of  the  classroom  water 
tables  are  modified  according  to  need. 
There  is  a  general  rule  excluding  all  metal 
from  the  system.  Accordingly,  any  aquar- 
iums with  metal  frames  introduced  into 
the  system  must  be  fitted  with  constant- 
level  overflow  siphons.     In  addition,  rub- 
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Figure  2. — Part  of  the  lower  level  of  the  basement  pumproom.  Sea-water  system  components  in- 
clude the  two  small  centrifugal  pumps  which  move  water  from  the  main  storage  tanks  to  the 
filter  tanks  (A,  B),  one  of  the  two  centrifugal  main  supply  pumps  which  pump  water  from  the 
main  supply  tank  (base  visible  on  left)  to  the  fifth  floor  of  the  building  (C),  and  parts  of  four 
pipes.  Two  of  these  pipes  are  backflush  drain  lines  for  the  filter  tanks.  The  other  two  are 
bottom  drain  lines  for  the  filter  tanks.  The  bottom  drain  for  the  main  supply  tank  is  visible  to 
the  right  of  the  lower  ends  of  these  four  pipes. 


ber  hoses  are  avoided,  Tygon  tubing  being 
used  preferentially. 

In  operation  of  this  system  no  attempt 
is  made  to  maintain  or  control  water  qual- 
ity over  long  periods.  The  most  sensitive 
of  the  organisms  kept  in  the  system  (octo- 
puses, sea  urchins,  etc.)  are  used  as  indi- 
cators of  deterioration.  When  signs  of 
trouble  appear  (animals  acting  abnor- 
mally or  dying)  all  water  in  the  system 
is  replaced  with  new  sea  water.  The  old 
sea  water  is  drained  from  the  storage 
tanks  in  the  basement  by  pipes  connecting 


with  sewers.  The  new  sea  water  is  added 
via  Transite  pipes  opening  through  the 
sidewalk  outside  the  building  (fig.  1,  F). 
We  charter  stainless- steel  milk-tank  trucks 
to  transport  sea  water  to  the  system  from 
Marineland  of  the  Pacific,  Palos  Verdes, 
Calif.  Sea  water  replacement  is  necessary 
only  about  once  every  2  to  3  months. 

One  of  the  major  reasons  for  the  rela- 
tively long  period  of  maintenance  of 
water  quality  despite  a  heavy  load  of  ani- 
mals is  the  efficiency  of  operation  of  the 
sand  filters  in  the  basement.     These  fil- 
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Figure  3. — The  two  redwood  gravity-feed  tanks  on  the  fifth  floor. 


ters  maintain  a  considerable  bacterial  pop- 
ulation which  seems  to  remove  much  toxic 
material  from  the  water.  The  only  main- 
tenance necessary  on  these  filters  is  occa- 
sional (about  every  4  or  5  months) 
back-flushing  of  the  filters  with  fresh 
water.  Each  filter  tank  is  fitted  with  suit- 
able fresh-water  and  compressed-air  lines, 
and  back-flush  drain  lines,  for  carrying 
out  this  operation  with  minimum  loss  of 
sea  water. 

The  system  is  equipped  with  an  alarm 
system  which  immediately  notifies  the 
University  maintenance  department  of  any 
interruption  in  operations.  Maintenance 
men  are  available  on  short  notice  at  all 
times. 


RECOMMENDATIONS 

As  it  is,  the  system  functions  very  well. 
However,  if  redesign  of  the  entire  system 
were  practical  several  things  would  be 
done  differently. 

First,  we  would  not  use  centrifugal 
pumps  as  motive  power.  Centrifugal 
pumps  are  relatively  inefficient  in  terms 
of  the  amount  of  powder  needed  to  pump  a 
given  volume  of  water  a  given  distance. 
This  is  especially  true  for  the  rubber-lined 
pumps  we  use  in  order  to  avoid  metallic 
contamination.  Recent  developments  in 
pump  design  have  made  available  several 
other  more  satisfactory  types  of  pumps 
for  continuous  surge- free  operation 
against  large  pressure  heads.     Surge-free 
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Figure  4. — One  of  the  three  aquarium  rooms  showing  several  reinforced-concrete  water  tables  (ap- 
proximate dimensions  72  by  22  by  4  inches)  and  a  large  fiberglass-lined  redwood  tank  (250-gallon 
capacity).     Note  banks  of  stopcocks  on  wall,  also  compressed-air  line  with  multiple  outlets. 


operation  is  especially  important  because 
hard-rubber  and  PVC  plastic  are  both 
brittle  and  break  easily  when  distorted. 

Among  the  alternative  pump  designs 
which  seem  attractive  are  gear  pumps  with 
Teflon  plastic  gears  and  pump  -case  linings 
and  Archimedes- screw  pumps  with  plas- 
tic-coated screws  and  case  lining. 

Second,  we  would  not  use  redwood  as  a 
construction  material  for  any  tank  in  the 
system.  Redwood  continues  to  leak 
colored  materials  into  the  water  over  long 
periods — this  is  still  happening  in  our 
system  after  over  3  years  of  continuous 
operation.  This  colored  material  appears 
not  to  be  toxic  or  in  any  way  pharmaco- 
logically active,  but  it  mars  appearance  of 


the  sea  water  and  hence  interferes  with 
observations.  Fiberglass-reinforced  plas- 
tic or  wooden  tanks  would  seem  to  be  the 
solution. 

Third,  we  would  not  use  Transite  as  ma- 
terial for  return  lines.  Transite  piping  is 
permeable  to  water  and  will,  therefore, 
accumulate  salt  deposits  on  its  outer  sur- 
faces if  used  to  transport  sea  water  for 
long  distances  through  air  spaces.  These 
salt  deposits  do  not  seem  to  weaken  the 
transite  itself,  but  can  be  the  cause  of  im- 
portant building  deterioration  if  atmos- 
pheric water  condensation  occurs  which 
then  results  in  drip  of  salt  water.  The 
solution  is  the  replacement  of  all  transite 
with  unplasticized  PVC  pipe. 
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ADDENDUM 

In  the  time  since  this  paper  was  sub- 
mitted, new  developments  have  occurred 
in  pump  technology  which  have  revised  our 
opinions   concerning   centrifugal   pumps. 


Several  very  efficient,  reliable,  nontoxic 
centrifugal  pumps  adequate  for  the  needs 
of  the  UCLA  system  have  appeared  on  the 
market.  The  two  main  supply  pumps  and 
one  of  the  filter  pumps  in  our  system  have 
been  replaced  with  these.  The  casings  and 
the  impellers  of  these  pumps  are  made  of 
one  of  several  types  of  epoxy  resin.  One 
of  these  pumps  (a  Series  P  Durcopump, 
manufactured  by  Duriron  Co.,  Inc.,  Day- 
ton, Ohio,  powered  by  a  3-horsepower 
motor)  has  now  (December  1963)  been 
used  continuously  as  the  main  supply  pump 
for  the  system  for  over  iy2  years.  There 
has  been  no  down  time,  and  the  pump  has 
required  only  routine  maintenance. 


A  MEDIUM-SIZED  SEA-WATER  SYSTEM 
FOR  THE  LABORATORY 

By  J.  E.  Mclnerney  and  W.  S.  Hoar 

Department  of  Zoology,  University  of  British  Columbia,  Vancouver,  B.C. 

Abstract. — A  simple  and  efficient  salt-water  system  which  may  be  easily  constructed 
from  readily  available  materials  is  described.  Various  ways  of  solving  the  problems  of 
contamination,  aeration,  removal  of  waste  products,  and  temperature  maintenance  are 
considered. 


The  principal  problems  in  maintaining 
a  closed  salt-water  system  in  the  labora- 
tory are  as  follows : 

1.  Avoidance  of  contamination. 

2.  Maintenance  of  adequate  oxygen  levels. 

3.  Removal  of  waste  products. 

4.  Maintenance  of  temperatures. 

The  sea- water  system  described  here 
provides  a  reasonably  simple  arrangement 
of  a  size  intermediate  between  the  typical 
home  aquarium  and  the  large  public  aquar- 
ium. It  has  operated  satisfactorily  in  our 
laboratory  for  many  years  and  has  been 
found  useful  in  maintaining  teaching  and 
limited  research  material.  A  schematic 
representation  is  given  in  figure  1.  Solu- 
tions to  the  problems  listed  above  are 
achieved  in  the  following  ways. 

CONTAMINATION 

All  parts  are  constructed  of  wood  (filter 
tanks  and  aquariums)  or  rubber  or  plastic 
(pump,  pipes,  and  connections).  Where 
it  is  necessary  or  more  convenient  to  use 
metal,  these  parts  are  coated  with  nontoxic 
rubber-  or  oil-base  paints.  If  it  is  im- 
practical to  paint  exposed  metal,  then  a 
suitable  type  of  noncorrosive  stainless 
steel  is  necessary.  For  example,  the  pump 
shaft  is  frequently  constructed  of  this 
material. 


OXYGEN 

Adequate  oxygen  levels  can  be  main- 
tained in  several  ways.  The  most  efficient 
system  involves  a  supply  of  compressed  air 
delivered  through  plastic  tubing  to  air 
stones  with  plastic  rather  than  metal 
stems.  As  an  auxiliary  source  of  aeration, 
the  water  returning  from  the  elevated  filter 
can  be  sprayed  back  into  the  aquariums. 
Similarly  the  water  supply  to  the  filter 
can  be  sprayed  onto  the  filter  bed  by  taking 
advantage  of  the  pressure  supplied  by  the 
pump.  The  amount  of  aeration  required 
is  a  matter  of  experimentation  depending 
mainly  on  the  temperature  of  the  water 
and  the  number  of  animals. 

WASTE  MATERIAL 

A  useful  and  simple  filter  arrangement 
is  shown  in  figure  1.  Water  is  removed 
from  a  point  as  far  as  possible  from  the 
clean- water  inlet.  It  is  pumped  by  a  self- 
priming  plastic  pump  to  the  elevated  filter 
tank.  An  intermittent  rather  than  con- 
tinuous pumping  action  is  achieved  by 
using  a  plastic  float  (in  our  case,  a  toilet- 
tank  float)  in  conjunction  with  a  mercury 
switch  (similar  to  those  found  in  furnace 
thermostats).  Details  of  this  system  are 
shown  in  figure  2. 

The  filter  bed  may  be  constructed  of  any 
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A.  SALT    WATER    AQUARIA 

B.  AERATORS 

C.  WATER  SUPPLY    TO  PUMP  &  FILTER 
D-    SELF- PRIMING   PUMP   &  MOTOR    UNIT 
E.    FLOAT  ACTIVATED    PUMP    SWITCH 
R     FILTER     BED 
G.    COOLING     COILS 
H.    FILTERED   WATER    RETURN 


Figure  1. — Salt-water  system :  A,  salt-water  aquariums ;  B,  aerators ;  C,  water  supply  to  pump  and 
filter ;  D,  self -priming  pump  and  motor  unit ;  E,  float-activated  pump  switch ;  F,  filter  bed ; 
G,  cooling  coils;  H,  filtered-water  return. 


suitable  nontoxic  material.  Two  types 
are  illustrated  in  figure  2.  Successive 
layers  of  finer  and  finer  gravel  beginning 
with  the  coarsest  gravel  or  rock  at  the  bot- 
tom provides  the  least  expensive  method 
of  filtration  (fig.  2, 1) .  Cleaning  this  fil- 
ter bed  involves  running  fresh  water  into 
the  bottom  and  up  through  the  sand  and 
gravel  to  the  top  of  the  tank  (fig.  %  S)  to 
waste  through  an  overflow  outlet  (fig.  2, 

A  simpler  disposable  filter  is  made  from 
two  thicknesses  of  industrial  fiberglass 
battens  (fig.  2,  2)  mounted  on  an  appro- 
priate frame.  The  frequency  with  which 
the  fiberglass  must  be  washed  or  changed 
will  depend  mainly  on  the  number  of  .ani- 
mals in  relation  to  the  surface  area  of  the 
filter  bed. 


TEMPERATURE 

With  a  closed  salt-wTater  system  there 
must  usually  be  some  means  of  keeping  the 
water  sufficiently  cool.  The  simplest  and 
least  unsightly  method  is  illustrated  in  fig- 
ure 2.  A  supply  of  cold  tap  water  is  circu- 
lated through  plastic  or,  for  more  efficient 
heat  transfer,  stainless-steel  coils  mounted 
below  the  fiberglass  filter  bed  (fig.  2,  5). 
With  a  graded-rock  filter  the  coil  may  be 
included  directly  in  the  filtering  material. 
More  precise  temperature  control  may  be 
achieved  by  using  either  a  complete  re- 
frigeration system  or  by  operating  a 
thermostatically  controlled  heater  in  op- 
position to  a  continuous  source  of  cooling 
such  as  the  cold-water  coils  suggested 
above. 
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Figure  2. — Filtering  and  cooling  details. 


Alternatively,  the  cooling  coils  (glass 
tubing  is  satisfactory)  may  be  included  in 
the  aquariums  or  the  aquariums  may  be 
surrounded  by  a  bath  of  running  water. 

The  system  illustrated  here  may,  if  de- 
sired, be  very  simply  constructed  of  ma- 
terials found  in  most  laboratories.  A 
wooden  barrel  will  serve  as  a  reservoir, 


and  ordinary  glass  aquariums  may  be  set 
in  series  with  water  siphoned  from  one 
to  another.  If  the  pump  is  located  below 
the  aquariums,  it  need  not  be  self-priming. 
Our  filter  tanks  are  about  one-third  the 
capacity  of  the  associated  aquariums,  but 
this  is  largely  a  matter  of  convenience 
since  the  rate  of  filtering  can  be  adjusted. 
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Abstract. — Methods  are  given  for  constructing  both  an  open  system,  wherein  the  sea 
water  runs  to  waste,  and  a  closed  system,  wherein  the  water  is  recirculated.  Easily 
available  materials  are  used,  and  all  devices,  such  as  a  constant-level  siphon  and  an 
automatic  shutoff,  are  simple  to  assemble.  Each  of  the  systems  is  designed  so  as  to 
require  a  minimum  of  maintenance.  Equipment  necessary  for  the  control  of  sea  water 
is  discussed. 


Because  of  the  requirements  of  certain 
experiments  it  became  necessary  to  estab- 
lish various  small,  but  fully  controllable 
circulating  systems  in  small  aquariums. 
These  have  included  both  open  and  closed 
fresh-water  systems  and  closed  salt-water 
systems.  As  the  designs  eventually 
worked  out  have  proved  to  be  entirely  sat- 
isfactory, and  as  many  colleagues  have  in- 
quired about  these  systems,  with  a  view  to 
building  similar  ones  for  their  own  pur- 
poses, the  details  of  construction  and  op- 
eration are  explained  here. 

Primarily  these  systems  are  the  out- 
growth of  work  of  earlier  years  at  the  old 
New  York  Aquarium,  where  much  larger, 
but  similar,  equipment  formed  the  basis 
of  operations.  This  equipment  itself  had 
been  developed  from  schemes  used  by 
older  institutions  of  similar  kind.  Nat- 
urally, many  persons  had  a  hand  in  devel- 
oping the  arrangements  and  devices  em- 
ployed at  the  New  York  Aquarium.  For 
these  reasons  the  origins  of  the  devices 
were  not  always  clear,  but  those  chiefly 

This  article  is  a  revision  of  an  article  that 
appeared  in  Zoologica,  Scientific  Contributions 
of  the  New  York  Zoological  Society,  vol.  42, 
part  1,  May  20,  1957,  with  an  addendum  by  the 

author. 


interested  and  responsible  for  them  at  the 
Aquarium  were  C.  W.  Coates  and  the  late 
C.  H.  Townsend,  and  H.  Knowles.  Town- 
send  (1928)  and  Breder  and  Howley 
(1931)  reported  on  some  of  these  features. 
It  has  been  found  that  by  suitable  modifi- 
cation of  the  principles  of  the  larger  de- 
vices it  is  possible  to  develop  very  useful 
miniature  equipment.  Such  need,  of 
course,  applies  only  to  laboratories  which 
are  not  connected  with  large  public 
aquariums  and  which  consequently  lack 
the  utilities  usually  to  be  found  only  in. 
such  places.  These  devices  have  been 
worked  out  in  connection  with  experi- 
mental work  carried  on  in  the  laboratories 
of  the  Department  of  Fishes  and  Aquatic 
Biology  of  the  American  Museum  of  Nat- 
ural History,  which  has  been  supported 
in  part  by  the  National  Science  Founda- 
tion. 

OPEN  SYSTEMS 

An  "open  system,"  as  the  term  is  used 
here,  is  one  in  which  the  water  is  used 
once  and  is  not  recirculated ;  there  is  only 
a  supply  line  and  a  drain  line.  This  calls 
for  little  comment  in  present  connections 
except  where  a  very  small,  well-regulated 
flow  is  required.     Such  apparatus  may  be 
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arranged  to  provide  as  little  as  a  specified 
number  of  drops  a  minute,  and  will  main- 
tain a  surprising  accuracy  if  properly 
designed. 

The  overflow  provided  for  this  system  is 
a  constant-level  siphon.  If  such  a  siphon 
is  made  by  a  glass  blower,  it  will  be  expen- 
sive, subject  to  breakage,  and  not  readily 
cleaned.  A  siphon  can  be  made  quickly 
and  cheaply  of  some  straight  glass  tubing, 
a  tee,  some  flexible  rubber  or  plastic 
tubing,  and  two  small  strips  of  wood  or 
plastic.  No  dimensions  are  given,  as 
these  will  vary  with  the  individual  needs, 
although  figure  1  is  drawn  to  scale.  The 
two  strips  of  plastic  are  identical;  each 
has  two  holes  drilled  in  it  to  fit  the  glass 
tubing  snugly.  The  parts  are  assembled 
to  make  a  constant-level  siphon  attached 
to  the  lip  of  an  aquarium  as  shown  in  fig- 
ure 2.  The  lower  piece  of  plastic  may  be 
fastened  to  the  aquarium  by  small  clamps 
or  may  be  cemented  to  it.  The  open, 
upper  end  of  the  tee  vents  the  siphon.  If 
a  cap  or  plug  is  placed  on  this  it  immedi- 
ately becomes  a  simple  siphon  and  will 
drain  the  aquarium  to  the  level  of  its  inlet 


tube.  This  is  sometimes  found  to  be  an 
added  handy  feature.  The  level  of  the 
water  in  the  aquarium  will  be  that 
at  which  the  overflow  water  spills  out 
through  the  horizontal  leg  of  the  tee.  Ad- 
justments of  this  to  a  fine  point  may  be 
made  by  raising  or  lowering  the  tee 
through  the  hole  in  the  plastic  support,  or 
this  whole  external  assembly  may  be 
moved  up  or  down  by  altering  the  position 
of  the  straight  length  of  tubing  which 
passes  through  the  hole  in  the  other  piece 
of  plastic  connecting  it  with  the  tube  in- 
side the  aquarium.  By  arranging  the  out- 
side part  of  the  siphon  to  lie  along  the 
aquarium  wall,  as  shown,  the  danger  of  its 
being  in  the  way  of  operations  is  reduced. 
Cleaning  presents  no  problem  with  this 
type  of  siphon.  If  something  does  never- 
theless block  the  siphon  tube  from  the 
aquarium,  it  almost  always  can  be  cleared 
by  blowing  into  the  open  end  of  the  tee 
and  restarting  the  siphon  by  drawing  on 
this  same  open  end  of  the  tee  while  the 
outlet  tube  is  held  shut.  It  is  possible 
and  sometimes  more  convenient  to  attach 
the   outer   portion  of  the   constant-level 


Figure  1. — 'Side  and  end  view  of  constant-level  siphon  made  up  of  sandard  parts. 
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siphon  to  a  small  board  which  is  affixed  to 
a  pivot  at  its  upper  end  so  that  it  is  free 
to  rotate  on  the  stationary  part  attached 
to  the  aquarium  frame.  A  small  handle 
pointing  upward  from  there  makes  its  ad- 
justment simple  and  marks  on  the  latter 
in  reference  to  some  stationary  part  make 
return  to  a  former  rate  of  flow  exactly 
possible.  The  action  is  simply  that  by 
rotating  the  part  of  the  siphon  so  that 
the  horizontal  part  of  the  tee  raises  or 
lowers,  the  level  in  the  aquarium  follows 
accordingly.  This  in  turn  affects  the  float 
valve,  which  is  described  below.  The  rate 
of  flow  will  increase  if  the  siphon  outlet 
is  lowered  and  decrease  if  it  is  raised. 
This  is  useful  where  the  exact  level  of 
water  is  not  of  any  importance  but  where 
it  is  desired  to  vary  the  amount  of  water 
flowing  through  the  aquarium  by  specific 
amounts  and  where  it  is  necessary  to  re- 
peat such  changes  in  flow  at  will. 


If  the  water  supply  has  considerable 
pressure,  such  as  is  ordinarily  encountered 
in  city  water  systems,  or  approaches  it,  a 
pressure-reducing  valve  which  may  be  reg- 
ulated should  be  employed.  This  can 
bring  the  pressure  down  to  a  value  which 
will  not  burst  or  otherwise  destroy  the 
light  equipment  to  be  employed.  This 
valve  placed  someplace  in  the  supply  line 
should  be  set  so  as  to  deliver  little  more 
than  the  maximum  amount  of  water 
which  will  be  required  of  it.  Another  way 
to  accomplish  the  same  purpose  is  to  per- 
mit the  supply  water  to  run  into  a  small 
reservoir  of  no  more  than  sufficient  height 
to  provide  enough  head  of  pressure.  Into 
this  reservoir  the  supply  water  is  allowed 
to  run  continually,  of  a  little  more  volume 
than  the  aquariums  will  ever  need.  This 
is  necessary  to  maintain  a  constant  head 
in  the  reservoir.  A  small  excess  will  over- 
flow and  go  to  waste  by  this  method.    It  is 


Figure  2. — Constant-level  siphon  in  operation. 
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economical  only  where  water  saving  has 
no  significance. 

The  water  flowing  into  this  aquarium  is 
controlled  by  a  float  valve  constructed  of 
a  glass  stopcock,  a  suitable-sized  chemical 
flask,  and  some  small  parts  of  either  wood 
or  plastic.  These  are  assembled  as  shown 
in  figure  3  and  are  held  together  by  iron 
screws  and  two  pieces  of  strip  steel.  This 
metal  is  mentioned  because  of  the  danger 
of  toxic  Falts  forming  if  brass  were  used, 
since  such  corrosion  might  fall  into  the 
aquarium.  A  1-hole  cork  is  bolted  to  a 
piece  of  lucite  and  then  inserted  into  the 
mouth  of  the  flask  as  shown.  A  dowel  or 
plastic  rod  is  inserted  in  the  other  hole 
in  the  plastic  piece  and  secured.  A  sim- 
ilar piece  of  plastic  is  movably  secured  on 
this  rod  and  on  a  similar  one  at  right 
angles  to  it,  extending  from  the  valve. 
This  is  so  arranged  that  the  center  of  the 
flask  comes  to  rest  directly  below  the  hori- 
zontal rod  extending  from  the  valve.  This 
is  best  seen  in  the  plan  view  of  the  device. 
By  loosening  the  two  setscrews  in  the 
upper  plastic  piece  the  flask  may  be  moved 
vertically  on  the  one  and  horizontally  on 
the  other.  Figure  4  shows  one  arrange- 
ment of  this  device. 

The  extending  glass  tubes  which  are  an 
integral  part  of  the  stopcock  are  inserted 
through  two  snug  holes  in  the  wood  or 
plastic  endpieces  of  the  valve,  and  these 
are  held  in  position  by  the  two  steel  strips 
which  are  held  in  place  by  four  wood 
screws.  In  the  center  of  one  of  these  steel 
pieces  a  hole  is  tapped  into  which  is 
screwed  a  setscrew  with  a  pointed  end 
(about  60°)  and  a  locknut  as  shown.  The 
stem  handle  of  the  stopcock  is  imbedded 
in  a  piece  of  wood  cut  about  as  shown. 
For  this  purpose  a  suitable  space  is  hol- 
lowed out  in  the  block  into  which  the  stem 
is  inserted,  the  space  around  being  filled 
with  plastic  wood  or  a  similar  product. 
The  face  of  the  block  and  the  stopcock 
stem  must  be  at  right  angles.    On  the  outer 


face  of  the  block  a  small  steel  strip  is  af- 
fixed with  a  small  drill-tip  impression  at 
its  center  on  the  axis  of  the  stem.  Into 
this  the  pointed  setscrew  fits  as  shown. 
This  is  adjusted  so  that  the  valve  works 
freely  without  being  too  tight  or  leaking. 
This  prevents  the  glass  stopcock  from 
working  loose  and  leaking  after  long- 
continued  operation.  The  diagonal  dotted 
line  on  the  block  indicates  the  position  of 
the  hole  through  the  plug  as  well  as  that 
of  the  handle  on  the  stem.  It  is  shown 
in  a  position  just  fully  closed.  It  is  obvi- 
ous that  with  a  fall  in  the  water  level  the 
valve  will  open  proportionally  to  the 
change  in  water  level  and  shut  itself  off 
as  the  water  level  rises. 

The  interaction  between  the  constant- 
level  siphon  and  this  valve  is  indicated  in 
figure  5.  It  is  clear  that  danger  from 
flooding  could  come  only  from  some  dam- 
age to  the  equipment.  If,  for  instance, 
something  clogs  the  overflow  in  any  way, 
the  float  valve  shuts  itself  off  when  it  has 
reached  the  predetermined  point  for 
which  it  has  been  set. 

As  an  extreme  point  of  precaution  a 
safety  alarm  or  shutoff  could  be  built  as 
an  entirely  separate  system.  Such  a  de- 
vice, which  has  never  failed  so  far  as  the 
writer's  experience  goes,  consisted  of  an 
old  pair  of  contacts  such  as  are  to  be  found 
on  relays,  to  one  member  of  which  was 
fastened  a  shell  vial.  This  hung  over  the 
water  in  such  a  manner  that  when  the 
water  rose  over  a  specified  place  it  lifted 
the  vial  and  pushed  the  two  contacts  to- 
gether. It  operated  on  two  dry  cells  to 
ring  a  doorbell  but  could  be  used  with  a 
relay  to  SAvitch  on  house  current  to  operate 
any  suitable  device.  This  could  be  a  nor- 
mally open  solenoid  valve  placed  in  the 
supply  line.  Such  extreme  caution  would 
only  be  warranted  where  a  little  flooding 
would  be  disastrous. 

It  is  obvious  that  this  float  valve  could 
be  used  under  certain  experimental  pro- 
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Figure  3. — Top  and  side  view  of  float  valve  for  control  of  inflow  of  water  and  additives. 


Figure  4. — Float  valve  for  control  of  inflow.     This  is  the  arrangement  in  the  closed  salt-water 
system ;  the  placement  is  for  convenience,  but  usually  valves  are  placed  close  to  one  end. 

712-029  0—64 4 


44 


C.    M.    BREDEE,    JR. 


]  w 


^ 


Figure  5. — Diagram  of  interaction  between  float  valve  and  constant-level  siphon, 
represents  level  of  water  in  aquarium  and  siphon  arm. 


Dashed  line 


cedures  to  add  chemicals  to  an  aquarium 
at  a  prescribed  rate  by  inactivating  the 
float  and  fixing  the  rate  of  flow  by  hand. 
It  also  could  be  used  to  bring  the  concen- 
tration of  some  chemical  to  a  fixed  limit 
and  then  hold  it  at  that  point  in  flowing- 
water  aquariums.  The  water  supply 
would  operate  as  above  described  and  a 
second  float  valve  regulated  to  add  much 
less  chemical  than  the  water  flow  would 
move  with  it  and  act  as  a  follower  to  the 
other  if  there  wras  any  fluctuation  in  the 
flow  of  water,  thus  holding  the  additive  in 
proportion  to  the  change  of  water.  Also 
a  single  float  could  be  arranged  to  operate 
the  two  valves  in  proportion  to  the  setting 
of  each. 

While  the  designs  of  these  float  valves 
have  varied  from  time  to  time,  all  have 
embodied  the  same  principles  as  herein 
described.  The  first  and  somewhat  primi- 
tive one  has,  at  this  writing,  been  in  serv- 
ice continually  for  more  than  4  years  and 


is  still  entirely  satisfactory  and  depend- 
able. 

CLOSED  SYSTEMS 

The  term  "closed  systems"  refers  to  cir- 
culating systems  in  which  the  water  is  re- 
turned to  the  aquariums  after  filtration  or 
other  treatment  and  none  is  allowed  to  run 
to  w^aste  during  normal  operations.  Some 
such  system  is  mandatory  for  the  mainte 
nance  of  marine  forms  remote  from  a 
ready  supply  of  sea  water,  and  often  con- 
venient or  necessary  for  various  experi- 
mental procedures  involving  fresh-water 
aquariums.  This  is  especially  true  of 
cases  where  it  is  necessary  to  maintain 
close  control  of  some  feature  such  as  tem- 
perature, chemical  quantities,  and  the  like. 
By  use  of  such  means  it  is  possible  to 
maintain  a  series  of  aquariums  with  abso- 
lutely identical  water  conditions,  as  the 
water  in  all  is  part  of  a  common  body. 
Consequently  no  matter  what  transpires 
in  one  aquarium  there  is  no  opportunity 
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for  the  water  of  that  one  to  depart  from 
the  characteristics  of  the  rest  since  it  is 
moving  freely  from  one  aquarium  to  the 
other  and  is  being  continually  and  effec- 
tively mixed. 

An  especially  useful  arrangement  for 
some  purposes  is  one  in  which  the  flow 
between  aquariums  may  be  continuously 
varied  from  maximum  in  one  direction 
through  zero  flow  to  maximum  flow  in  the 
opposite  direction.  This  may  be  readily 
accomplished  by  the  adjustment  of  four 
valves  while  the  pump  runs  continuously 
in  one  direction  at  constant  speed.  The 
details  of  the  arrangement  of  these  valves 
are  shown  diagrammatically  in  figure  6. 

Figure  7  is  a  photograph  of  such  a  de- 
vice. In  operation  the  action  is  as  follows. 
With  valves  A2  and  Bl  closed  and  the 
others  open,  the  flow  is  out  through  pipe 
A  and  returns  through  pipe  B,  as  indi- 
cated by  the  arrows,  at  maximum  flow.    If 


these  valves  are  reversed  so  that  A 1  and 
B2  are  closed  and  the  others  open,  the 
flow  through  pipes  A  and  B  is  reversed, 
although  the  flow  through  the  pump  re- 
mains as  indicated  by  the  arrow  on  it.  To 
pass  uniformly  from  the  first  position,  as 
shown  in  figure  6,  through  a  state  of  no 
flow  to  the  reverse,  either  valve  A2or  valve 
Bl  can  be  gradually  opened.  This  reduces 
the  speed  of  water  movement  because  of 
"back  leakage."  After  one  of  them  has 
been  opened  fully,  the  opening  of  the  other 
can  further  retard  flow.  When  it,  too,  has 
been  fully  opened,  that  is,  with  all  valves 
fully  open,  there  should  be  no  flow 
through  pipes  A  and  B,  as  there  is  as  much 
pump  pressure  in  one  branch  of  both  A 
and  B  pipes  as  in  the  other.  Then  by  be- 
ginning to  close  either  valve  ii  or  valve 
B2  the  flow  begins  to  move  in  the  opposite 
direction.      When    these    two    are    fully 


Figure  6. — Diagram  of  piping  and  valves  for  continuously  variable  flow  from  maximum  in  one 
direction  through  zero  flow  to  maximum  in  the  opposite  direction. 
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closed,  the  maximum  flow  in  the  opposite 
direction  has  been  reached. 

If  three  valves  are  arranged  on  either 
line  A  or  line  B,  or  such  a  set  on  both, 
various  water-treatment  devices  may  be 
placed  in  the  series,  such  as  a  heating  or 
cooling  device,  in  which  case  the  water 
may  best  be  passed  through  a  glass  coil  for 
heat  exchange.  This  arrangement  could 
equally  well  be  used  for  any  kind  of  de- 
contamination which  might  be  required  or 
for  the  introduction  of  specified  materials 
being  mixed  with  the  passing  water.  Un- 
like most  aquarium  plumbing,  in  this  case 
the  water  must  pass  from  one  aquarium 
to  another,  so  that  as  many  as  may  be 
needed  can  be  placed  in  series. 

A  diagram  of  a  more  usual  arrangement 
for  a  closed  circulating  system  is  shown  in 
figure  8.  This  is  the  form  which  is  per- 
haps most  useful  for  general  laboratorj^ 
purposes.  Here  each  aquarium  is  supplied 
and  drained  directly  from  a  common  sup- 
ply and  return.  It  is  advisable  to  use  a 
pump  of  somewhat  greater  capacity  than 


needed  for  the  purpose.  With  this  means 
the  excess  water  can  be  returned  to  the 
reservoir  without  passing  through  the 
aquariums,  which  greatly  assists  in  the 
efficient  application  of  whatever  water 
treatment  is  being  given  and  insures  ade- 
quate pressure  for  the  system.  Simple  fil- 
ters may  be  made  by  wedging  a  piece  of 
glass  in  a  small  aquarium  and  filling  the 
intake  side  with  suitable  filter  material, 
while  the  reservoir  may  be  used  for  what- 
ever chemical  or  other  treatment  is  to  be 
applied.  Two  may  be  provided,  as  shown 
in  the  figure,  and  used  alternately  or  to- 
gether. A  constant-level  siphon  takes  the 
water  to  the  first  reservoir  aquarium. 
Only  one  siphon  is  shown,  which  may  be 
switched  to  the  other  aquarium  for  clean- 
ing purposes. 

The  pipes  and  fittings  used  in  this  sys- 
tem are  standard  hard  rubber.  Connec- 
tions between  aquariums  at  the  same  level 
may  be  made  by  "jumpers"  which  are 
preferably  of  hard  rubber.  Their  use  is 
indicated    in   the    lower-level    aquariums 


Figure  7. — Pump  provided  with  reversible-flow  device.     The  plastic  pump  here  shown  is  powered  by 
a  1/80-hp.  motor  and  is  rated  to  deliver  3.7  gallons  per  minute  at  zero  head. 
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shown  in  figure  8.  These  have  been  found 
to  be  fully  satisfactory  and  in  several 
years'  operation  have  not  clogged  nor  have 
they  become  airbound.  They  are,  how- 
ever, not  suitable  for  the  overflow  lines  of 
the  upper  series  of  aquariums.  Here  con- 
stant-level siphons  may  be  used  as  shown 
in  figure  2,  or,  preferably,  a  hole  may  be 
drilled  in  the  slate  bottom  of  each  aquar- 
ium and  a  1-hole  rubber  stopper  holding 
a  glass  tube  inserted.  Still  better  is  the 
installation  of  a  hard-rubber  standpipe 
locked  in  place  with  fittings.  The  drilling 
of  slate  is  not  easily  accomplished  and 
there  is  considerable  danger  of  cracking 
or  otherwise  damaging  the  aquarium. 
The  manufacturers  will  supply  aquariums 
with  such  holes  drilled  on  order. 

Since  the  supply  to  the  aquariums  of 
this  system  is  preferably  from  the  top,  as 
indicated,  the  drain  line  as  above  de- 
scribed may  be  made  to  draw  water  from 
the  bottom  of  an  aquarium  by  the  follow- 
ing simple  means.     A  tube  of  glass,  or 


other  material,  of  larger  diameter  than 
the  drain  tube  and  as  long  as  the  depth  of 
water  in  the  aquarium,  is  placed  over  it, 
reaching  nearly  to  the  bottom  of  the 
aquarium.  Since  the  larger  tube  extends 
above  the  surface,  water  leaving  the  aquar- 
ium must  enter  the  annular  space  between 
the  two  tubes  and  pass  up  between  them 
to  spill  into  the  open  upper  end  of  the 
inner  tube.  In  addition  to  giving  the 
aquarium  a  better  circulation,  much  de- 
tritus is  drawn  up  through  this  arrange- 
ment and  delivered  automatically  to  the 
filters.  The  outer  tube,  if  of  glass,  may  be 
positioned  by  slipping  a  short  piece  of 
plastic  tubing  on  its  lower  end  and  cutting 
various  openings  or  notches  in  the  plastic. 
The  area  of  these  passages  should  of  course 
be  at  least  equal  to  the  cross-section  area  of 
the  inner  tube.  The  annular  space  be- 
tween the  inner  and  outer  tubes  should 
also  have  this  much  area,  at  least.  On  the 
other  hand,  it  is  best  not  to  make  the  annu- 
lar space  much  larger  than  needed  because 


Figure  8. — Arrangement  of  a  closed  circulating  system  suitable  for  small  marine  aquariums:  A, 
aeration  outlet ;  F,  filters ;  H,  heater  and  thermostat ;  J,  jumper ;  P,  pump  on  hanging  support ; 
8,  safety  cut-off  switch ;  V,  float  valve.     The  distilled-water  supply  carboy  is  not  shown. 
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this  will  cause  the  water  flowing  through 
it  to  move  with  less  speed.  The  value  of 
this  arrangement  as  a  detritus  remover  is 
thus  lessened,  for  the  slower-flowing  water 
will  not  lift  as  heavy  particles  as  will  the 
faster. 

As  such  a  system  is  usually  intended  to 
be  operated  continuously  for  long  periods 
without  attention,  a  safety  feature  may 
be  built  in  which  would  shut  down  the 
pump  if  the  water  in  the  reservoir  should 
rise  too  high  or  fall  too  low.  The  one  in 
current  use,  shown  in  figure  9,  was  im- 
provised from  the  tube  of  a  mercury 
switch.  This  was  mounted  on  a  rotatable 
glass  shaft  running  through  a  support  of 
plastic.     It  was  actuated  by  a  chemical- 


flask  float  by  means  of  a  thread  over  a 
small  drum  so  that  the  motion  of  the  float 
was  transmitted  to  the  pump  switch.  Any 
unusual  change  in  the  water  level,  either 
positive  or  negative,  would  indicate  some 
radical  failure  at  some  point  in  the  sys- 
tem. Since  the  aquariums  wThich  held  the 
fish  were  drained  by  an  overflow,  they 
would  continue  to  hold  their  water  level 
so  that  stopping  the  pump  would  insure 
the  retention  of  water  there.  Even  if  one 
of  the  aquariums  leaked  and  lost  its  con- 
tents the  others  would  not  suffer  by  drain- 
ing through  the  system  to  it  because  of 
this  protective  device. 

To  prevent   normal  evaporation   from 
stopping  the  pump,  a  supply  was  provided 


Figure  9.— Safety  control  for  closed  circulation.     Its  relation  to  the  system  is  indicated  in  figure  8. 
At  the  right  are  the  pump  intake  and    excess  return. 
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which  operated  in  conjunction  with  the 
protective  switch.  This  supply  was  ad- 
ministered by  a  float  valve  identical  with 
that  shown  in  figure  3.  A  very  nice  ad- 
justment was  found  possible  with  these 
two  float-actuated  mechanisms,  so  that  the 
dripping  from  the  float-valve  supply  be- 
came directly  proportional  to  the  evapora- 
tion, without  at  any  time  tripping  the 
protective  cutoff  float  valve.  On  very 
humid  days  it  could  be  seen  that  the  num- 
ber of  drops  per  minute  was  notably  less 
than  on  a  clear  dry  day  when  evaporation 
was  high.  In  the  case  of  salt-water  aquar- 
iums this  device  had  an  added  important 
application  which  is  discussed  under  the 
treatment  of  salt  water. 

Because  of  the  nature  of  the  controlling 
devices  above  described,  it  is  necessary  to 
observe  certain  details  in  starting  the  sys- 
tem. The  levels  of  water  in  the  lower 
series  of  aquariums  will  be  different  when 
the  pump  is  not  running  than  when  it  is 
in  operation.  This  is  mostly  because  the 
drain  lines  of  the  upper  series  of  aquar- 
iums empty  themselves  into  the  lower 
aquariums  when  the  pump  is  stopped. 
Therefore,  the  water  is  carried  at  a  lower 
level  in  these  aquariums  so  that  there  will 
be  no  overflowing  when  the  circulation  has 
been  stopped.  For  this  reason  a  switch 
should  be  shunted  around  the  cutoff  float 
to  be  used  in  starting  the  system  before  the 
operating  level  is  reached.  It  will  not  suf- 
fice to  wedge  the  float  into  a  position  where 
its  switch  will  be  closed,  because  its  free 
action  is  necessary  to  establish  its  proper 
level  of  operation.  After  a  dynamic  equi- 
librium has  been  achieved  by  adjusting 
both  the  cutoff  device  and  the  density- 
control  device,  the  shunt  switch  should  be 
opened,  after  which  the  system  should  con- 
trol itself.  If  it  does  not  at  first,  very 
obvious  adjustments  of  either  or  both  will 
bring  them  into  the  proper  relation. 

The  diagram  of  the  closed  marine  cir- 
culating system  shown  in  figure  8  em- 


ployed seven  aquariums  for  holding 
experimental  fishes,  only  three  of  which 
are  shown  in  the  illustration.  Three 
"reservoir"  aquariums  were  used,  of  which 
only  tAvo  are  shown.  These  were  standard 
commercial  aquariums  measuring  2  by  1 
by  1  feet.  The  two  smaller,  used  as  filters, 
measured  10  by  8  by  6  inches.  The  pump 
was  driven  by  a  1/10-horsepower  motor 
and  was  rated  at  10.8  gallons  per  minute 
at  zero  head.  The  pipe  sizes  are  not  in- 
dicated, as  they  would  naturally  vary  with 
the  needs  of  each  system.  In  this  one,  the 
flow  was  slow  but  sufficient  at  about  3  gal- 
lons per  hour  through  each  of  the  seven 
top-row  aquariums.  At  the  right  of  figure 
8  the  supply  pipe  is  extended  upwards  for 
some  distance  and  with  the  upper  end 
open.  This  permits  building  up  whatever 
head  of  water  is  desired  without  subject- 
ing the  pipe  to  pressure  greater  than  that 
produced  by  gravity. 

Although  the  upper  series  of  aquariums 
were  intended  for  holding  fishes  and  the 
lower  series  were  regarded  as  treating 
reservoirs,  the  latter  too  may  be,  and  have 
been,  used  to  hold  fishes,  that  is,  all  but 
the  one  from  which  the  pump  draws  water, 
since  the  suction  and  turbulence  here 
would  be  destructive  to  most  small  fishes. 
Aerating  stones  and  a  standard  aquarium 
glass  heater  and  thermostat  comprised  the 
rest  of  the  water-treating  equipment.  The 
heater,  which  turned  off  when  the  water 
reached  74°  F.,  was  sufficient  to  keep  the 
water  throughout  the  system  close  to  that 
temperature  as  it  was  only  slightly  higher 
than  the  normal  room  temperature.  It 
was  found  that  the  aerating  stones  made 
it  possible  to  permit  the  flow  of  water  in 
the  lower  aquariums  to  run  through  sub- 
merged pipe  outlets  and  thereby  reduce 
the  amount  of  splashing  and  consequent 
salt  deposits.  This  was  not  found  neces- 
sary in  the  upper  series,  for  each  supply 
pipe  carried  only  one-seventh  of  the  flow 
in  the  lower  pipes. 
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MATERIALS 

It  is  strongly  recommended  for  all  the 
purposes  for  which  these  devices  were 
developed  that  only  hard  rubber  or  some 
biologically  inert  plastic  be  used.  In 
fresh  water,  iron  plumbing  is  adequate 
for  many  purposes,  but  for  sea  water  no 
metals  whatever  should  be  used  if  any 
degree  of  satisfaction  is  to  be  obtained. 
Hard-rubber  and  acrylic-resin  or  vinyl 
chloride-acetate  copolymer  plastics  have 
been  used  throughout  for  those  parts  which 
come  in  contact  with  the  water,  including 
the  pumps.  Also  it  is  important  to  see 
that  no  brass  or  other  such  metals  are  used 
in  positions  over  the  aquariums  in  order 
to  prevent  possible  corrosion  falling  into 
the  water. 

In  all  cases  involving  the  use  of  pumps 
for  aquarium  purposes  it  is  best  to  have  a 
spare  standby  duplicate  pump  and  motor 
unit  as  a  precaution  against  the  failure  of 
either  motor  or  pump.  It  is  then  possible 
to  change  such  a  unit  in  a  few  minutes,  in 
the  case  of  accident,  with  no  serious  inter- 
ruption to  the  operation  of  the  system.  It 
is  most  convenient  to  use  flexible  connec- 
tors between  the  pump  and  the  rigid 
plumbing  leading  to  the  aquariums.  It 
is  then  necessary  only  to  unfasten  two 
screw  clamps  and  insert  the  new  unit  in 
place.  This  type  of  arrangement  is  shown 
in  figure  7. 

An  additional  advantage  of  this  kind  of 
connection  is  that  it  dampens  any  vibra- 
tions from  the  pump  or  motor,  which  tend 
to  travel  throughout  the  system  along 
rigid  connectors.  The  pump  in  figure  7 
was  suspended  by  four  light  cords,  a  means 
which  is  also  very  effective  in  quieting  such 
small  machines. 

TREATMENT  OF  WATER 

The  treatment  of  fresh  water  for  aquar- 
ium purposes  is  too  well  known  to  warrant 
comment  in  present  connections  and  is 
usually  necessary  only  under  special  situa- 


tions. The  maintenance  of  sea  water  in  a 
satisfactory  condition  is  quite  another  mat- 
ter. It  is  not  the  purpose  here  to  discuss 
the  theoretical  aspects  of  the  chemical  and 
physical  conditions  of  sea  water.  Such 
matters  may  be  found  extensively  treated 
by  Sverdrup,  Johnson,  and  Fleming 
(1942)  and  Harvey  (1955).  The  follow- 
ing is  intended  purely  as  a  guide  for  the 
practical  application  of  principles  which 
have  been  found  adequate  to  maintain  a 
variety  of  marine  fishes.  Under  this  treat- 
ment regular  reproductive  behavior  was 
quickly  established  in  both  Histrio  and 
Bathygobius,  which  had  been  reared  from 
juveniles.  It  also  permitted  a  variety  of 
volunteer  algae  and  microorganisms  to 
establish  themselves.  Incidentally  these 
aquariums  were  kept  under  conditions  of 
no  daylight,  the  illumination  being  sup- 
plied by  fluorescent  tubes  of  the  "warm 
white"  type  necessary  for  satisfactory 
plant  growth.  The  periods  of  light  and 
darkness  were  controlled  by  a  time  switch. 

The  equipment  found  necessary  for  the 
control  of  sea  water  consisted  of  a  small 
hydrometer,  a  colorimetric  pH  device,  and 
some  simple  titrating  equipment. 

The  filters  were  provided  with  bone 
charcoal,  and  the  bottoms  of  the  aquari- 
ums and  reservoirs  were  floored  with  so- 
called  coral  sand,  and  aerating  stones 
were  placed  in  various  convenient  places, 
but  not  in  the  aquariums  containing  fishes. 

The  specific  gravity  and  pH  were  taken 
every  day  until  the  rate  of  change  was 
established  and  from  then  on  were  taken 
at  less  frequent  intervals.  This  rate  of 
change  will  vary  with  the  quantity  of 
water,  the  bulk  of  the  organisms  con- 
tained, and  the  temperature  of  the  water. 
At  less  frequent  intervals  titrations  were 
made  to  determine  the  variously  called 
excess  base,  titration  alkalinity,  or  alka- 
line reserve.  This  method,  which  meas- 
ures the  bound  C02,  is  not  especially 
accurate  but  is  sufficient  for  the  present 
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purposes.  It  consists  in  titrating  a  sample 
with  N/100  hydrochloric  acid  to  which 
brom-cresol  purple  has  been  added  as  an 
indicator.  After  the  purple  color  has 
vanished,  the  sample  is  repeatedly  boiled 
and  further  titrated  until  the  purple 
color  no  longer  reappears  on  heating.  If 
the  sample  consists  of  100  cc.  to  which  five 
drops  of  indicator  have  been  added,  the 
final  burette  reading  in  cc.  multiplied  by 
0.1  gives  the  bound  C02  or  bicarbonate 
in  millimols/liter.  This  method  is  not  to 
be  generally  recommended  for  accurate 
work  but  is  sufficient  as  a  comparative 
measure  of  how  far  and  how  fast  the  aging 
water  is  departing  from  its  original  value. 
With  this  information,  corrective  meas- 
ures may  be  taken.  The  specific  gravity 
is  nearly  taken  care  of  by  automatic  means 
involving  the  use  of  the  float  valve  al- 
ready discussed.  Under  normal  opera- 
tions distilled  water  is  used  to  make  up  for 
the  evaporation  of  sea  water,  which  of 
course  tends  to  increase  its  density  thereby. 
This  has  been  satisfactorily  supplied 
from  a  5-gallon  carboy  on  a  shelf  higher 
than  the  float  valve.  The  operation  of 
the  float  valve  holds  the  amount  of  water 
in  the  system  at  a  constant  volume,  which 
means  also  that  the  dissolved  salts  will 
remain  at  a  constant  amount.  If  it  is 
desired  to  increase  the  density  of  the 
water,  instead  of  using  distilled  water  as 
an  additive,  sea  water  may  be  used  until 
the  specific  gravity  has  reached  the  de- 
sired level.  If  it  is  desirable  to  reduce 
the  salinity,  water  may  be  withdrawn 
from  the  system  while  distilled  water  is 
used  in  the  float- valve  supply.  This  may 
be  conveniently  accomplished  by  means  of 
a  siphon  with  a  small  hose  clamp  so  that 
the  flow  is  restricted  to  a  drip  slow  enough 
to  permit  the  float  valve  to  follow.  Al- 
though distilled  water  was  customarily 
used,  in  its  absence  tap  water  was  used 
with  no  detectable  effect  on  the  fishes  or 
the  system. 


If  the  pH  falls  to  lower  values  it  may 
mean  that  there  is  an  increase  in  the 
amount  of  free  C02  present.  This  could 
indicate  too  many  organisms  for  the  vol- 
ume and  temperature  of  the  water  or 
too  much  decomposition  for  the  antacid 
components  of  the  system  to  dispose  of 
rapidly.  The  calcium  carbonate  in  the 
sand  should  react  with  the  acids  formed, 
and  unless  there  is  overcrowding  this  type 
of  decreasing  alkalinity  usually  does  not 
present  a  problem.  If  the  placing  of  fresh 
activated  bone  charcoal  in  the  filter  results 
in  an  abrupt  increase  in  the  pH,  it  is  al- 
most certain  that  there  is  too  much  free 
C02  present.  The  use  of  charcoal  re- 
newed at  short  intervals  will  bring  the 
C02  content  down,  but  the  charcoal  rap- 
idly becomes  saturated  and  cannot  be 
thought  of  as  a  regular  part  of  the  regu- 
latory process.  An  increase  in  the  num- 
ber of  aeration  stones  or  amount  of  air 
they  pass,  while  much  slower  in  its  effects, 
is  a  much  more  satisfactory  way  to  insure 
against  the  accumulation  of  C02. 

If,  on  a  falling  pH,  none  of  the  pro- 
cedures above  mentioned  increase  the  pH 
significantly,  the  titration  reading  should 
be  carefully  checked  and  it  too  should 
show  a  decrease.  This  would  indicate  a 
lowering  of  the  bound  C02  which  does  not 
normally  occur  in  an  unoverloaded  system 
in  the  presence  of  calcareous  sand.  If  it 
does,  however,  more  sand  may  be  added,  or 
sodium  bicarbonate  may  be  dissolved  and 
administered  with  the  distilled  water 
through  the  float  valve.  Since  the  sand 
alone  tends  in  a  long-term  sense  to  dispro- 
portionately increase  the  Ca  in  solution 
as  compared  with  the  Na,  the  occasional 
use  of  sodium  bicarbonate,  which  tends  to 
do  the  reverse,  aids  in  keeping  these  two 
quantities  in  more  nearly  normal  propor- 
tions.   See  Breder  and  Smith  (1932). 

The  described  procedures  may  seem  to 
be  somewhat  complicated,  but  they  are,  in 
fact,  not  much  more  complex  than  those 
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involved  in  maintaining  a  similar  number  ADDENDUM 

of  standing  fresh-water  aquariums.    After  Since  ^  ^.^  ^  firgt      blished  the 

the  equipment  is  built  and  regulated,  so  foUowi       additional  data  have  been  ob_ 

that  valves  and  controls  are  m  balance,  ta'ned 
there  is  nothing  to  be  done  with  them  at 

any  time,  and  in  fact  there  should  be  no  Control  of  inflow 

tampering  with  them  at  all.  It  is  prob-  Since  stopcocks  with  Teflon,  or  similar, 
ably  wise  to  post  warnings  to  this  effect,  plugs  have  become  available,  it  is  possible 
There  is  little  aquarium  cleaning  to  be  to  simplify  greatly  the  construction  of 
done,  as  most  of  the  accumulating  detritus  small  float  valves.  As  these  newer  type 
is  automatically  deposited  in  the  filters.  stopcocks  are  usually  provided  with  rather 
Aside  from  feeding  the  fishes  and  some-  heavy  glass  tubes,  no  special  support  is 
times  cleaning  algae  off  the  glass  sides,  needed,  the  glass  tube  being  quite  strong 
the  latter  being  controlled  by  adjusting  enough  to  support  the  float  with  the  tube 
the  lighting  arrangements,  there  are  the  fastened  rigidly  only  at  the  inlet  side, 
following  routine  matters  to  be  done.  The  only  modification  necessary  is  the 
These  will  vary  with  each  installation  but  removal  of  the  usually  colored  handle  in 
may  be  approximated  by  the  regimen  the  Teflon  plug.  This  is  easily  forced  out 
under  which  the  described  installation  of  0f  the  hole  in  which  it  rests.  It  is  re- 
seven  aquariums  were  controlled,  as  placed  by  a  suitably  sized  rod,  such  ,as  that 
follows:  $hown  in  text  figures  2  and  3.    This  rod 

Minutes  carries  the  float  assembly  and  connects  it 

Read  pH  and  specific     Twice  a  week 5  with  the  valve  plug.    As  these  valve  plugs 

gravity.  are  ne]d  m  pjace  by  a  Teflon  nut,  there  is 

Titrate  sample Once  a  week  or  less.  15  i    n              -t-n     ±'                       ^       j.* 

TV11  J.  ..„  /     x              m  .             ,  no  need  tor  modification  or  construction 

Fill  distilled-water  car-     Twice  a  week 5 

boy  ot  a  holding  frame  such  as  that  shown  in 

Clean  filters Once  in  2  weeks___  15  text  figure  2.     Incidentally,  these  plugs 

Make  the  adjustments    Once  a  month  or  are  not  liable  to  stick,  even  after  several 

based   on   above    in-        longer Var-  years  of  service. 

formation.  ious 

The  need  for  changing  the  pump  and  Constant-level  siphon 

motor  is  such  a  rare  occurrence  as  not  to  The  constant-level  siphon  illustrated  in 

figure  in  the  above  schedule  and  should  text  figures  1  and  3  can  be  made  virtually 

not  take  more  than  5  minutes.    Every  at-  foolproof  if  the  open  end  of  the  glass  tee, 

tempt  has  been  made  to  reduce  the  mainte-  which  f  aces  upward,  is  extended  by  a  piece 

nance  of  the  system  to  its  minimum.    It  is  of  flexible  tubing.    This  piece  should  be 

not  uncommon  for  the  system  to  be  left  bent  over  so  as  to  form  an  inverted  U, 

alone  for  as  long  as  3  days,  as  over  a  long  witn  its  open  end  facing  down,  into  the 

weekend.    The  only  thing  to  normally  ex-  aquarium.      This   is   most   easily    accom- 

pect  at  the  end  of  this  period  is  some  plished  by  providing  a  third  hole  in  the 

extra-hungry  fishes.     It  should  be  borne  supporting    crosspiece.      The    open    end 

in  mind  that  the  smaller  the  system — that  should  be  placed  slightly  above  the  level 

is,  its  total  amount  of  water — the  more  of  the  outflowing  water  in  the  horizontal 

rapidly  decomposition  or  contamination  arm  of  the  tee. 

can  spread  through  it.    It  is  prudent  not  A  siphon  so  arranged  will  prevent  over- 

to  reduce  the  size  of  the  equipment  more  flowing  of  the  aquarium  even  if  the  in- 

than  necessary.  coming  water  is  increased  over  a  consid-  | 
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erable  range.  This  is  because,  as  the  water 
rises,  it  occludes  the  open  end  of  the  down- 
facing  tube.  There  is  a  slight  negative 
pressure  in  this  tube  caused  by  the  outflow- 
ing water  in  the  constant-level  part  of  the 
siphon.  Thus,  as  the  water  rises  in  this 
accessory  tube,  the  whole  system  becomes 
a  simple  siphon  with  two  inlets,  obliterat- 
ing the  constant-level  feature.  This  in- 
creases the  flow  considerably,  the  amount 
being  related  to  the  length  of  drainpipe 
attached  to  the  horizontal  arm  of  the  tee. 
The  water  level  in  the  aquarium  thus  falls 
rapidly  and  the  end  of  the  inverted  U 
tube  is  reexposed  and  the  system  regains 
its  constant-level  feature. 

In  practice,  if  the  inflow  of  water  to  the 
aquarium  is  slightly  more  than  the  con- 
stant-level siphon  will  carry  off,  the  water 
level  in  the  aquarium  will  be  at  the  mouth 
of  the  open  tube.  This  tube  will  normally 
suck  water  from  the  surface  and  air, 
through  a  considerable  range  of  inflow. 
Incidentally,  this  condition  effectively  re- 
moves any  scum  that  may  form  on  the 
surface. 

The  basis  of  this  item  was  received  from 
a  correspondent  shortly  after  the  appear- 
ance of  the  1957  issue  of  this  paper.    Un- 


fortunately, the  name  of  the  individual 
concerned  is  no  longer  available,  and  it  is 
therefore  impossible  to  credit  him  prop- 
erly here  by  name. 
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MARINE  AQUARIUM 
PROCEDURES  AND  TECHNIQUES 

By  Yves  B.  Plessis,  Assistant  Director 

National  Museum  of  Natural  History,  Paris,  France 

Abstract. — A  closed-circuit  system  is  used  as  the  most  dependable  means  of  main- 
taining a  balance  of  physical  and  chemical  factors  with  a  minimum  of  attention  and 
maintenance.  Several  appliances  as  adjuncts  to  this  system  are  discussed  in  detail, 
e.g.,  exhausting  devices  and  capillary  siphons  which  produce  artificial  tides.  A  special 
habitat  for  the  breeding  of  intertidal  animals  in  the  laboratory,  and  a  sand-bottom  tank, 
designed  from  an  esthetic  point  of  view  for  public  exhibition,  are  described. 


Our  present  contribution  to  the  aquar- 
ium sciences  is  concerned  specifically  with 
the  field  of  experiment.  The  techniques 
that  are  already  known,  but  which  will  be 
enhanced  by  details  based  on  our  experi- 
ence, and  the  new,  more  important  ele- 
ments that  make  it  possible  to  produce 
complex  artificial  environments  will — 
we  hope — be   of  service  to   the   investi- 


gator 


as  well  as  to  those  who  main- 
tain aquariums  for  exhibit  purposes.  The 
milieux  that  we  have  created  for  experi- 
mental uses  have  their  place  behind  the 
scenes  of  a  large  public  installation;  they 
may  also  have  their  place  amidst  the  tanks 
shown  to  visitors  provided  that  they  have 
been  adapted  and  modified  for  that  pur- 
pose. 


DESCRIPTION 


Being  far  away  from  the  sea,  we  have 
been  forced  to  use  the  same  water  over  and 
over.  It  is  not  possible  to  obtain  a  bio- 
logical equilibrium  in  an  aquarium  except 
by  allowing  the  physicochemical  factors 
as  little  variability  as  possible  and,  in  any 
case,  as  is  compatible  with  the  survival  of 
the  population.  The  greater  the  volume 
of  the  water,  the  slower  the  changes  occur 
and — in  a  general  way — the  easier  it  is 
to  compensate  for  them.  Moreover,  a 
closed  circuit  with  a  large  capacity  is  the 
most  dependable  means  of  keeping  the 
desired  balance. 

There  are  several  models  of  breeding 
installations  that  are  adapted  to  the  needs 

This  paper  was  prepared  in  French  ;  it  was  trans- 
lated into  English  by  a  commercial  translating  service. 


of  marine  biology.  Most  of  them,  in- 
cluding the  one  described  here,  have  a  re- 
serve tank,  a  water  circulation  system, 
breeding   tanks,   and   a   filtering  system. 

RESERVE  TANK 

The  reserve  tank  may  consist  of  various 
materials  but  must  have  all  of  the  follow- 
ing properties:  Strength,  water-tightness, 
and  neutrality  toward  sea  water. 

A  glass  tank  is  relatively  neutral  but, 
unfortunately,  is  fragile.  If  it  is  large, 
stresses,  changes  of  temperature,  or  vibra- 
tions may  cause  its  destruction  at  any  time. 

If  the  tank  is  of  concrete  and  well  made, 
it  has  the  advantage  of  being  strong,  but 
frequently  it  cannot  be  moved.  Liquid 
that  comes  in  contact  with  fresh  concrete 
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undergoes  a  very  strong  alkaline  reaction 
which  makes  the  use  of  concrete  impos- 
sible unless  it  is  first  treated.  Generally, 
prolonged  washing  with  fresh  water  is 
not  sufficient,  and  frequent  rinsing  with 
sea  water  is  impossible  when  the  distance 
from  the  sea  is  great.  The  best  technique 
consists  in  covering  the  cement  with  a  neu- 
tral product:  special  paint,  paraffin,  plas- 
tic substances,  etc.  In  our  installations, 
paraffin  has  given  the  best  results ;  it  was 
heated  and  spread  with  a  brush  and  after- 
wards impregnated  by  the  flame  of  a  blow- 
torch. 

The  lining  of  cement  with  plates  of  glass 
is  a  very  good  method  for  large  installa- 
tions. Finally,  the  application  of  plastic 
materials  practically  solves  the  problem. 
At  this  time,  there  exist  ready-made  tanks 
of  100  to  500  liters,  of  plastic  that  is  abso- 
lutely nonreactive  to  sea  water.  This  tech- 
nique is  excellent. 

WATER  CIRCULATION  SYSTEM 

Once  the  tank  has  been  installed,  it  is 
essential  that  the  breeding  tanks,  which 
are  generally  located  at  a  considerably 
higher  level,  be  supplied.  At  the  present 
time,  there  are  rotary  pumps  made  of  plas- 
tic which  are  immersed  in  the  water  and 
operated  by  a  shaft  which  plunges  into 
the  water  and  is  driven  by  an  electric 
motor.  This  device  makes  it  possible  to 
supply  a  reserve  tank  which,  by  gravity, 
supplies  the  breeding  tanks.  It  is  prefer- 
able to  any  other  device  when  a  number  of 
persons  use  the  installation.  When  the 
reserve  tank  is  full,  it  is  sufficient  to  open 
the  desired  faucet  when  water  in  one  or 
the  other  tank  is  needed.  There  is  one 
difficulty,  however :  the  pump  cannot  op- 
erate continously.  It  is  therefore  neces- 
sary to  provide  an  electric  regulator,  and 
that  introduces  a  possible  cause  of  failure. 
Exhausting  devices 

The  system  we  have  used  is  much  less 
cumbersome;   it  is  based  on  water  lifts 


which  operate  by  means  of  air  pressure, 
viz.,  exhausting  devices.  These  are  ver- 
tical pipes  immersed  into  the  water  of  the 
reserve  tank;  their  upper  ends  emerge  in 
the  form  of  swannecks  in  the  highest  tank 
of  the  installation.  Air  supplied  by  a 
small  electric  pump  is  conveyed  into  the 
tube  at  a  sufficiently  low  level  within  the 
reserve  tank  to  move  the  water  in  the  tube 
and  make  it  ascend  into  the  upper  tank. 

Our  experience  has  led  us  to  the  formu- 
lation of  certain  estimates  which  save 
much  guesswork.  The  interior  diameter 
of  the  main  body  of  the  exhausting  device 
must  measure  close  to  6  mm.  The  pipe 
may  be  rigid  or  flexible ;  it  may  be  of  glass, 
of  vinyl,  or  of  polyethylene.  It  may  be 
straight  or  bent,  but  must  not  have  the 
properties  of  a  siphon. 

The  air  duct  must  open  into  the  tube  in 
which  the  water  ascends,  below  the  level  of 
the  water  of  the  reserve  tank,  and  it  must 
be  moved  closer  to  that  water  level  as  the 
height  of  the  exhausting  device  above  the 
reserve  tank  is  increased  (contrary  to  what 
one  might  be  tempted  to  do) .  As  a  matter 
of  fact,  the  thrust  of  the  ascending  air 
pulls  a  mass  of  air  above  the  level  of  the 
reserve  tank,  and  that  mass  of  air  tends  to 
become  smaller  as  the  air  arrives  at  a 
higher  level.  It  is  necessary  for  the  op- 
eration of  the  apparatus  that  the  water 
mass  above  the  level  of  the  reserve  tank 
exercise  a  vertical  downward  pressure 
from  above,  which  must  be  less  than  the 
upward  thrust  that  the  height  of  the  water 
in  the  reserve  tank  applies  to  the  lower 
part  of  the  pipe.  In  figure  1  we  see  the 
exhausting  device,  represented  by  the  pipe 
AOB.  A 0  is  the  upper  part  and  OB  is 
the  lower  part  of  the  device;  O'O"  is  the 
water  level  in  the  reserve  tank.  It  is  quite 
evident  that  the  influx  of  air  at  C  will 
drive  a  water  column  CO  in  the  direction 
of  A.  The  farther  C  is  from  0,  i.e.,  from 
the  water  surface,  the  larger  will  be  the 
column  CO.     As  soon  as  this  water  column 
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Figure  1. — General  scheme  of  an  exhausting 
device.  Air  arrives  through  tube  D  and 
ascends  through  tube  B A  ;  in  doing  so,  it  pulls 
water  along  with  it. 


starts  moving,  the  water  pulled  along  by 
the  air  bubbles  joins  it.  The  entire  mass 
of  water  then  exercises  a  downward  pres- 
sure. The  air  wThich  continues  to  reach 
0  will  be  driven  back  toward  B,  and  its 
pressure  will  increase  until  it  reaches  a 
maximum  that  is  equal  to  the  pressure 
exercised  by  a  water  column  of  the  height 
OB.  The  device  can  function  only  when 
the  pressure  exercised  in  that  way  exceeds 
the  thrust  of  the  water  mass  contained  in 
the  part  OA.  In  practice,  an  apparatus  of 
this  type  is  not  used  if  it  functions  only 
with  such  intermissions  as  are  due  to  the 
variations  of  the  pressure  at  C.  The 
height  OA  does  not  exceed  two  thirds  of 
OC,  and  OB  is  very  small. 


It  is  advantageous  to  study  the  border- 
line cases ;  they  have  only  a  very  weak  out- 
put but  are  sometimes  useful  to  know.  A 
well-regulated  apparatus,  which  works 
under  the  best  conditions,  has  an  output 
of  more  than  6  liters  per  hour.  The  nee 
essary  air  pressure  is  a  function  of  the 
height  of  the  water  OB.  The  pressure 
utilized  under  the  most  favorable  condi- 
tions is  theoretically  slightly  higher  than 
the  pressure  of  a  water  column  of  the 
height  00. 

We  have  stressed  the  theoretical  aspect 
of  the  problem  of  the  exhausting  device, 
since  in  practice  the  apparatus  is  suscep- 
tible of  many  variations  in  form,  and  since 
the  conditions  under  which  it  is  used  and 
its  perfection  before  use  prevent  a  great 
many  failures. 

We  have  built  most  of  our  exhausting 
devices  wTith  glass  tubing.  A  straight 
glass  pipe  6  to  8  mm.  in  diameter  ends  at 
its  lowTer  part  in  a  vinyl  tube  which  is  10 
to  15  cm.  long  and  has  an  inside  diameter 
large  enough  for  the  glass  pipe  to  be 
inserted  (fig.  2).  Its  bottom  forms  a 
strainer  and  is  chamfered ;  it  is  perforated 
by  small  openings  so  as  to  prevent  the 
deposition  of  sediments  that  may  occur  at 
any  time.  As  near  the  glass  pipe  as  pos- 
sible, a  hole  has  been  made  in  the  vinyl 
for  the  insertion  of  the  end  of  the  com- 
pressed-air pipe.  This  is  a  vinyl  tube  of 
small  diameter.  Plastic  rings  make  it  pos- 
sible to  keep  it  joined  to  the  glass  pipe  for 
part  of  its  length. 

The  upper  end  of  the  exhausting  device 
is  curved ;  it  can  be  made  in  one  piece  ex- 
tended and  joined  by  a  plastic  ring. 

BREEDING  TANKS 

In  each  one  of  our  installations,  the 
breeding  tanks  are  made  of  molded  glass. 
We  have  used  several  models  the  sizes  of 
which  correspond  to  the  various  popula- 
tions. 
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Size  of  tank 
(length  x  width 

x  height)  Occupied  by — 

15  x  10  x  15  cm Scyphistomata,       small 

groups  of  algae,  Amphi- 

poda,  etc. 
20  x  15  x  20  cm Suitable  for  a  very  large 

number   of    animals    of 

small  size. 
30  x  22  x  24  cm Small  Decapoda,  mussels, 

Ophiuroidea,  etc. 
25  liters  and  above—  Fishes,  crabs,  etc. 


o° 

o    o 

o  ^ 
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Figure  2.— Bottom  of  the  exhausting  device ;  it 
consists  of  a  tube  of  plasticized  vinyl.  Its 
lower  part  is  chamfered  and  perforated  by 
little  holes.     A,  air  inlet. 


Today's  techniques  make  it  possible  to 
build  tanks  of  transparent  plastic  mate- 
rials. The  main  advantage  is  the  pos- 
sibility of  having  tanks  built  according  to 
the  model   chosen,   and   of  fixing  water 
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inlets  and  outlets  without  the  need  for  any 
siphons.  The  fragility  of  these  tanks  is 
usually  rather  great,  particularly  in  the 
large  sizes.  They  must  be  well  constructed 
so  as  to  prevent  the  pressure  of  the  water 
from  tearing  the  seams  of  the  walls  apart. 

Tanks  with  metal  corners  have  the  great 
advantage  of  being  able  to  be  built  in  large 
sizes.  The  metal  must  be  particularly 
carefully  insulated  so  as  to  prevent  it  from 
being  attacked  by  the  sea  water.  The 
plastic  or  bituminous  linings  that  may 
be  used  are  evidently  unsuitable  for  phys- 
icochemical  investigations  of  the  water. 

There  are  tanks  of  100  to  200  liters'  ca- 
pacity, the  frameworks  of  which  are  of 
fiber  or  cement  covered  with  plastic.  The 
only  real  inconvenience  is  the  size  of  the 
framework. 

In  summary,  in  a  particularly  detailed 
study  where  the  chemical  elements  have 
been  specially  studied,  it  is  preferable  to 
use  only  glass  or  plastic  material. 

Water  supply  to  the  breeding  tanks  is 
by  means  of  a  cascade  arrangement.  An 
upper  tank  receives  the  water  from  the  re- 
serve tank  through  an  exhausting  device 
or  through  a  pump,  and  the  excess  flows 
into  a  tank  located  at  a  lower  level,  and 
so  forth,  down  to  the  lowest  one,  which 
generally  empties  itself  into  the  reserve 
tank  by  means  of  a  filter. 

Whenever  the  arrangement  of  a  tank 
makes  it  possible,  we  have  attempted  to 
establish  a  cross  circulation  in  such  a  way 
that  the  entire  water  mass  is  renewed. 
When  there  are  only  very  small  animals  or 
plants,  and  when  the  current  of  the  water 
is  weak,  the  water  may  very  well  pass  from 
the  inlet  to  the  outlet  without  renewing  the 
contents  of  a  tank.  In  that  case,  calm 
zones  come  into  existence  where  the  phys- 
icochemical  conditions  of  the  milieu  may 
be  very  different  from  those  prevalent 
within  the  current  of  the  water.  We  may 
cause  the  water  to  arrive  from  the  tank 
at  an  angle  and  at  the  bottom,  while  we 


MARINE    AQUARIUM    PROCEDURES    AND    TECHNIQUES 


59 


cause  it  to  leave  at  the  opposite  angle  and 
at  the  top.  If  the  current  is  sufficiently 
strong,  and  if  the  form  of  the  tank  is  ade- 
quate, then  a  rapid  test  performed  with  a 
few  milliliters  of  colored  water — e.g.,  by 
the  addition  of  a  few  drops  of  a  neutral 
red  or  any  other  nontoxic  coloring  sub- 
stance— will  enable  us  to  find  some  eddies, 
the  localization  of  which  can  be  most  use- 
ful in  a  breeding  tank. 

Of  the  measures  required  to  keep  the 
water  supplied  with  oxygen  in  the  dif- 
ferent tanks  of  a  series,  we  have  demon- 
strated a  reduction  of  that  oxygen  which 
progresses  from  the  exhausting  device  to 
the  lowest  tank.  To  remedy  that  shortage, 
we  have  arranged  the  tanks,  not  in  a  paral- 
lel series,  but  in  the  shape  of  a  fan;  this 
has  enabled  us  to  use  progressively  larger 
tanks.  Accordingly,  in  the  first  tier  each 
tank  receives  the  water  from  one  exhaust- 
ing device.  For  example,  four  tanks  re- 
ceive each  the  water  of  one  exhausting 
device.  The  second  tier  comprises  only 
two  tanks,  of  a  larger  size.  Each  tank 
receives  the  water  of  two  higher  tanks, 
that  is,  of  two  exhausting  devices.  The 
third  tier  comprises  only  one  large  tank 
which  receives  the  water  of  the  two  inter- 
mediate tanks,  that  is,  of  four  exhausting 
devices. 

This  distribution  affords  greater  safety 
to  the  overall  installation.  As  a  matter 
of  fact,  if  one  exhausting  device  stops  op- 
erating for  one  reason  or  another,  only 
one  single  tank  will  not  be  fed  any  longer ; 
the  tank  of  the  second  tier  that  is  branched 
upon  it  will  still  receive  the  water  of  the 
exhausting  device  of  the  neighboring  tank 
while  the  tank  of  the  third  tier  will  receive 
the  water  of  three  exhausting  devices. 
Finally,  it  is  possible  to  double  the  number 
of  exhausting  devices  and  to  feed  them  by 
means  of  two  pumps  both  of  which  are 
branched  upon  all  the  tanks. 


Connections  between  tanks — the  siphons 

When  plastic  tanks  are  used,  it  is  very 
easy  to  make  an  overflow  pipe  by  perforat- 
ing the  wall  of  the  tank  and  attaching  to 
it  a  plastic  or  glass  tube.  In  the  latter 
case,  it  is  preferable  to  solder  it.  Any 
wood  or  rubber  connections  should  be 
avoided.  The  former  are  easily  gnawed 
by  animals — sea  urchins,  gastropods,  etc. — 
while  the  latter  are  frequently  attacked  by 
the  sea  water.  It  is  easy  to  secure  plugs 
of  plasticized  polyvinyl  chloride  ;vthey  re- 
main flexible  and  are  not  attacked  by  sea 
water.  (Note  well:  some  polyvinyl  prod- 
ucts are  not  neutral  in  sea  water.) 

When  the  breeding  tanks  are  made  of 
glass  (our  installation  is  of  this  type),  the 
perforating  of  the  walls  is  always  a  deli- 
cate operation.  The  use  of  siphons  makes 
this  operation  unnecessary.  Over  a  period 
of  several  years,  we  have  used  two  types  of 
siphons  which  have  been  entirely  satis- 
factory : 

1.  Permanent  siphons.  —  Generally 
speaking,  the  siphons  will  not  run  dry  as 
long  as  the  inlets  and  outlets  remain  in 
the  water.  In  the  siphon  shown  in  figure 
3,  the  inlet  A  is  maintained  constantly 
within  the  water  by  means  of  the  mounted 
swanneck  C  which  connects  directly  with 
the  outlet  of  the  siphon.  An  inlet  for  air 
has  been  created  at  E  to  simplify  priming 
the  siphon  between  B  and  D.  On  the  other 
hand,  that  air  inlet  makes  it  possible  to 
prime  the  first  siphon  by  aspiration 
through  that  opening  with  the  aid  of  a 
flexible  tube.  The  water  arrives  through 
A  and  F,  filling  the  tube.  When  the 
flexible  tube  is  withdrawn,  the  part  CD 
will  dry  up  by  itself,  and  the  apparatus 
will  be  in  operating  condition.  When  the 
end  F  does  not  reach  into  the  water  of  the 
lower  tank,  it  is  necessary  to  plug  it  dur- 
ing the  priming  operation. 

We  have  equipped  the  inlet  of  certain 
siphons  with  a  sort  of  funnel,  the  opening 
of  which  is  covered  by  a  nylon  screen  that 
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Figure  3. 


Upper  tank 


-Type  of  permanent  siphon  ;  A,  flared   opening  of  the  siphon,  capable  of  accommodating  a 
screen ;  1,  upper  tank ;  2,  lower  tank ;  E,  air  opening. 


is  fixed  there  by  means  of  a  vinyl  ring. 
This  has  enabled  us  to  separate,  from  one 
tank  to  another,  very  small  animals  which, 
without  that  precaution,  would  have 
passed  through  the  siphons.  These  fun- 
nels are  preferably  positioned  in  such  a 
way  that  their  opening  is  at  the  bottom 
end  and  as  far  away  as  possible  from  the 
walls  of  the  tank  so  as  to  reduce  the  risk 
of  the  deposition  of  sediments. 

Fiie  hvol  of  the  upper  tank  is  regulated 
by  the  height  of  the  swanneck  O;  the  level 
of  the  lower  tank  is  determined  by  its  out- 
siphon  which  does  not  appear  in  the 
drawing. 


It  is  helpful  to  have  a  supply  of  siphons 
of  this  type.  In  order  to  clean  them,  it 
is  sufficient  to  place  them,  from  time  to 
time,  in  a  hypochlorite  solution  to  soak, 
and  to  rinse  them  well  before  use.  When 
the  siphons  do  not  have  screens,  a  sulpho- 
chromic  mixture  is  preferable. 

2.  Capillary- priming  siphon s. — We 
have  perfected  a  siphon  the  curved  part 
of  which  is  so  narrow  that  capillarity  may 
be  able  to  prime  the  system  even  before  the 
water  reaches  the  point  of  overflowing 
(figs.  4,  5,  6,  and  7) .  By  duplicating  our 
piping  system  of  permanent  siphons  with 
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Figure   4. — Theoretical    section    of   a   capillary 
priming  siphon  flaring  at  both  ends. 


Figure  5. — Simple  siphon,  poorly  made  (lower 
part  is  too  big).  It  is  essential  that  the  lower 
part  of  the  siphon  is  not  immersed  into  the 
water. 


these  capillary  siphons,  we  have  put  into 
effect  a  very  simple  and  highly  efficient 
safety  device.  In  order  for  such  a  siphon 
to  be  able  to  begin  its  priming  action,  it  is 
essential  that  its  lower  end  does  not  reach 
into  the  water,  so  that  the  water  of  the  up- 
per tank  may  ascend  freely  in  the  tube,  and 
that — aided  by  capillarity — the  water  may 
reach  the  highest  point  of  the  curvature 
before  the  water  level  in  the  upper  tank 
goes  past  the  edges.  When  a  system  of 
this  type  operates  within  a  tank,  it  intro- 
duces continuous  variations  of  the  water 
level  into  it,  provided,  however,  that  the 
supply  to  the  tank  is  much  smaller  than 
the  output  of  the  siphon,  and  that  the  inlet 
of  the  siphon  has  a  much  larger  diameter 
than  its  curvature. 

We  have  also  used  a  siphon  the  upper 
part  of  which  is  capillary;  in  that  case, 


the  siphon  no  longer  exercises  practically 
its  priming  action,  and  the  water  level  in 
the  upper  tank  remains  constant.  Capil- 
larity keeps  a  small  quantity  of  water  in 
the  tube  of  the  siphon;  when  the  supply 
to  the  tank  becomes  weaker  than  the  out- 
put of  the  tube,  this  water  breaks  up  into 
short  water  columns  whose  distance  one 
from  another  becomes  greater  as  the  water 
supply  in  the  siphon  becomes  weaker. 
This  siphon  practically  never  runs  dry. 

In  these  siphons,  the  current  of  the 
water  is  strong,  and  the  organisms,  par- 
ticularly the  Diatoma,  attach  themselves 
less  rapidly  there  than  on  the  permanent 
siphons  where  the  current  is  weak.  But 
inasmuch  as  they  serve  as  a  subsidiary 
canalization,  the  pipes  are  normally  not 
operating,  so  their  maintenance  is  limited 
to  cleaning  them  after  an  occasional  oper- 
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Figuke  6. — Intermittent  siphon  with  capillary 
priming,  well  made :  H  and  H'  represent  the 
range  of  the  "tides." 

ation.     Consequently,    they    are    always 
ready  for  use. 

On  the  other  hand,  the  establishment  of 
a  siphon  for  capillary  priming  is  not  very 
easy,  and  the  satisfactory  operation  of  the 
system  is  dependent  on  a  certain  number 
of  favorable  elements : 

1.  The  curvature  of  the  siphon  must  be 
smaller  in  the  downward  direction  than 
in  the  upward  direction.  The  diameter  of 
the  tube  must  be  slightly  smaller  at  the 
highest  point  so  as  to  facilitate  the  prim- 
ing. Any  other  arrangement  will  ad- 
versely affect  the  satisfactory  operation  of 
the  system. 

2.  The  bottom  of  the  siphon  must  be 
made  in  such  a  way  that  there  will  be  no 
hanging  drops.  A  hanging  drop  would 
act  as  a  plug  and  prevent  the  water  from 
ascending,  by  capillary  action,  into  the 
upper  part  of  the  system.  We  have  there- 
fore attached,  at  the  outlet  of  the  siphon, 
either   a   flare   designed   to   prevent   the 


Figure  7. — Scheme  of  a  breeding  tank  for  very 
small  animals :  H,  range  of  "tides" ;  A,  tube 
into  which  the  little  animals  are  placed. 

hanging  drop,  or  a  chamfered  "glass  drop" 
at  the  end  of  the  tube,  which  serves  the 
same  purpose. 

3.  The  tube  must  be  made  of  glass  that 
can  be  wetted,  and  not  of  plastic.  Some- 
times it  happens  that  after  a  prolonged 
use  the  tube  remains  dry  for  some  time. 
In  that  case,  it  is  almost  always  necessary 
to  "wet"  it  in  order  to  put  it  back  into 
operation.  A  washing  with  a  sulpho- 
chromic  mixture  is  then  required  to  make 
it  as  good  as  new. 

The  diameter  of  the  tube,  at  its  narrow- 
est part,  may  vary  on  a  wide  scale,  but  it 
must  be  sufficiently  large  to  enable  a  water 
current  to  drive  the  air  out  of  the  lower 
part  of  the  siphon  when  the  siphon  is 
formed  by  a  tube  which  has  an  interior 
diameter  of  6  mm.  and  is  tapered  in  the 
curvature.  When  the  siphon  is  formed  by 
a  small  tube  having  an  interior  diameter 
of  3  mm.,  the  curvature  need  not  be  ta- 
pered, but  in  this  case  the  lower  part  of  the 
siphon  must  be  elaborated  most  carefully 
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so  as  to  avoid  the  formation  of  hanging 
drops,  since  this  last-mentioned  system, 
while  it  rarely  dries  up,  also  cannot  be 
put  back  into  priming  action  as  readily 
as  the  preceding  system. 

We  have  come  to  the  point  where  we 
prefer  to  use  the  first  type  of  capillary 
system,  which  dries  up  frequently  and  can 
be  put  back  into  priming  action  easily,  in 
order  to  create  "tides"  in  small  glass  tanks. 
This  arrangement  has  enabled  us  to  suc- 
ceed with  breedings  which  would  have 
been  difficult  to  achieve  under  other  condi- 
tions. When  the  feeding  of  the  tank  "in 
the  tidal  way"  in  this  manner  is  of  too 
large  a  volume  to  have  the  tank  emptied 
by  a  capillary  siphon,  we  have  been  using 
a  complex  system  in  which  the  capillary 
siphon  primes  one  or  more  simple  siphons. 
This  type  of  apparatus  is  rather  difficult 
to  build — if  not  to  conceive — but  once  it 
has  been  completed,  it  is  able  to  operate  for 
a  very  long  time  without  any  surveillance. 
The  simple  capillary  siphon,  for  tides, 
must  have  a  very  large  inlet  so  as  to  dry 
up  abruptly  at  the  end  of  the  operation, 
when  the  air  is  swallowed  up  into  the  tube, 
owing  to  the  lowering  of  the  water  level  in 
the  upper  tank. 

Utilization  of  the  "tides" 

It  must  be  mentioned  at  the  outset  that 
these  artificial  "tides"  are  only  very  dis- 
tant relatives  of  the  true  tides  which,  from 
the  biological  point  of  view,  are  rather 
complex  phenomena  (currents  and  inver- 
sion of  currents,  change  from  an  agitated 
to  a  calm  phase,  variations  of  the  tur- 
bidity of  the  water,  of  its  temperature,  salt 
contents,  luminosity,  etc.) . 

The  use  of  capillary  siphons  to  create 
"tides"  is  not  limited  to  the  breeding  of 
animals  which  one  wants  to  flush  out  pe- 
riodically. We  shall  now  briefly  review 
the  uses  to  which  we  have  put  them,  but 
it  is  possible  to  think  of  many  other  ap- 
plications : 


1.  It  is  not  always  easy  to  breed  small 
animals  when  it  is  desired  to  confine  them 
within  a  restricted  area  for  "boarders" 
(temporary  occupants)  which,  at  the  same 
time,  require  very  frequent  changes  of 
water.  Into  a  "tidal"  tank,  tubes  that  are 
open  at  both  ends  may  be  placed  verti- 
cally. As  the  water  level  is  variable — 
from  the  bottom  of  the  tube  to  its  upper 
end — the  volume  of  the  water  that  passes 
into  that  tube  during  any  given  period  is 
proportionate  to  the  number  of  tides  that 
have  taken  place  during  the  same  period. 
If  it  is  desired  to  breed  animals  in  these 
tubes,  it  is  sufficient  to  block  the  ends  by 
a  nylon  screen.  In  that  way,  the  animals 
can  be  isolated  easily,  they  are  able  to  have 
enough  water,  and  the  breeding  is  limited 
to  a  very  small  area.  In  practice,  the 
breeding  tubes  are  assembled  into  bundles, 
and  only  their  lower  end  is  immersed  into 
the  "tidal"  tank  (fig.  7). 

2.  For  breeding  of  animals  within  the 
upper  limit  of  the  tides  (fig.  8),  a  tank 
(A)  receives  water  from  the  exhausting- 
device  through  a  large  pipe  which 
descends  to  the  bottom  of  the  tank.  A  bed 
of  gravel  has  been  placed  on  that  bottom ; 
it  is  covered  with  a  screen  and  with  sand — 
an  arrangement  that  is  similar  to  the  sand 
tank  which  we  shall  discuss  later.  The 
breeding  tank  proper  (B)  has  been  placed 
on  the  bottom  of  the  sand  layer ;  this  tank 
consists  of  a  glass  cylinder  which  is  closed, 
at  its  upper  end,  by  a  removable  sheet  of 
glass  (F).  Pebbles  collected  on  the  sea- 
shore have  been  placed  inside  the  cylinder 
on  a  layer  of  sand  the  thickness  of  which 
varies  but  must  be  such  that  its  level  is 
very  considerably  lower  than  level  1. 

The  level  of  the  water  in  tank  A  varies 
between  1  and  #,  because  of  the  siphon  C. 
The  water  ascends  and  descends  in  cylin- 
der B ;  it  wets  part  of  the  pebbles  which, 
therefore,  retain  a  high  humidity.  The 
water  in  cylinder  B  acts  amidst  the  peb- 
bles like  a  piston,  in  such  a  manner  that 
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Figure  8. — The  "tidal"  tank  (A)  into  which  is 
immersed  the  bottomless  tank  (B)  which  rests 
on  the  sand  (E).  A  plate  of  glass  (F)  covers 
the  upper  part.  The  air  enters  and  leaves  at 
the  cover  (F)  without  having  to  pass  the 
small  breeding  animals.  Since  the  saturated 
atmosphere  is  not  suitable  for  some  animals, 
it  is  sometimes  necessary  to  replace  the  cover 
(F)  with  a  fine  screen,  but  in  this  case  the 
pebbles  of  the  upper  zone  are  quickly  covered 
with  salt  precipitations.  C  is  an  intermittent 
capillary  siphon. 

the  air  passes,  without  stopping,  the  edges 
of  the  cover  F  which  has  been  simply  laid 
upon  the  cylinder.  In  that  way,  the  air  in 
the  breeding  area  is  constantly  renewed. 
It  is  advisable  to  provide  a  sufficient  height 
so  that  the  upper  level  of  the  pebbles  will 
be  relatively  dry.  It  is  also  possible  to 
replace  the  glass  plate  F  by  a  fine  screen. 
3,  We  have  also  made  use  of  the  "tidal" 


tank  whenever  a  breeding  situation  re- 
quired good  irrigation  while  the  topog- 
raphy of  the  breeding  tank  did  not  afford 
it.  Thus,  when  the  accumulation  of  sub- 
stances of  all  kinds  in  a  tank  is  such  that 
the  circulation  is  poor,  it  is  very  useful  to 
have  recourse  to  this  technique  which 
makes  it  possible  to  renew  the  water,  in  its 
totality  and  everywhere,  with  every  tide. 

The  substratum 

Generally  speaking,  the  breeding  tank 
does  not  require  any  special  substratum, 
and  the  glass  or  plastic  wall  of  the  tank 
itself  constitutes  the  breeding  ground. 

If  it  is  desired  to  provide  rock  animals 
with  a  suitable  substratum,  an  adequate 
piece  of  rock  is  placed  in  the  tank ;  gener- 
ally, this  presents  no  difficulties.  Such, 
however,  is  not  always  the  case  when  it  is 
desired  to  introduce  a  sandy  or  muddy 
bottom. 

An  anaerobic  milieu  develops  very  ra- 
pidly under  the  first  millimeters  of  the 
ground;  it  immediately  begins  to  dis- 
charge hydrogen  sulphide  which  may 
cause  the  death  of  the  animals  and  plants 
to  be  bred.  We  have  introduced  a  very 
simple  solution  to  this  problem. 

Quantities  of  oxygen  that  were  dis- 
solved in  the  interstitial  water  of  the 
coastal  sand  have  shown  us  repeatedly  that 
the  partial  oxygen  pressure  is  weak:  ap- 
proximately 30  to  40  percent  of  saturation. 
In  certain  cases,  the  oxygen  pressure  is 
practically  nil.  These  facts  can  be  ex- 
plained easily:  the  oxygen  contained  in 
the  interstitial  water  of  the  sand  has  its 
origin  in  the  irrigation  of  that  sediment. 
When  the  sand  is  subject  to  the  swing  of 
the  tides,  its  level  also  is  subject  to  varia- 
tions that  bring  about  a  circulation  of  the 
water.  It  is  a  matter  of  course  that  this 
level,  for  a  certain  amplitude  of  the  tides, 
is  subject  to  variations  which  increase  as 
the  elements  of  that   amplitude  become 
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rougher.  Another  intervening  factor  is 
the  action  of  the  fauna  which  modifies  the 
permeability  of  the  ground  by  burrowing 
corridors.  The  fauna  which  consumes 
oxygen  favors  the  circulation  of  water  in 
the  submerged  sand.  These  considera- 
tions have  permitted  us  to  use  substrata 
of  sand  of  considerable  thickness,  capable 
of  accommodating  a  rich  fauna.  We  have 
built  this  tank  with  the  thought  in  mind 
that  an  adaptation  period  is  required  dur- 
ing which  the  fauna  and  the  flora  become 
settled  and  establish  a  certain  equilibrium ; 
thereafter,  the  artificial  balancing  mecha- 
nism (water  current,  etc.)  can  be  reduced 
considerably,  without  any  important 
change  of  the  biotope. 

The  scheme  of  an  experimental  sand 
tank  is  shown  in  figure  9.  The  water 
comes  in  at  i,  through  the  large  vertical 
pipe  which  is  open  at  2  and  3.  The  water 
reaches  the  bottom  of  the  tank  directly, 
flows  freely  between  the  pebbles  and  the 
various  shells,  passes  through  a  nylon  or 
fiberglass  screen  and  filters  through  the 
sand  layer  6.  The  sheet  of  water  7  flows 
off  through  the  siphon  8. 

The  volume  of  water  which  arrives  at  1 
does  not  flow  off  easily  through  the  sand 
layer.  When  the  water  level  in  the  large 
pipe  rises  the  pressure  in  that  pipe  in- 
creases. That  pressure  must  not  be  too 
high  because  the  water  would  immediately 
pour  forth  violently  from  the  sand,  in  the 
form  of  a  "spring."  It  is  easy  to  deter- 
mine the  optimum  pressure.  In  practice, 
the  height  of  the  water  column  above  the 
level  of  the  tank  (5)  must  amount  to  ap- 
proximately one-fourth  the  depth  of  the 
sand.  It  is  possible  to  make  an  opening 
of  any  size  in  the  large  pipe,  preferably 
at  that  level.  This  is  what  we  have  done 
in  the  case  of  the  usual  breeding  tanks. 
We  have  now  begun,  however,  to  make  ex- 
perimental tanks  that  have  an  opening  4 
at  a  lower  level  than  that  of  the  water  in 
the  aquarium.     To  that  opening,  we  have 


Figure  9. — Scheme  of  a  sand  tank :  5,  height  of 
the  water  determining  the  pressure  required 
for  irrigation  of  the  sand. 


attached  a  bent  tube  which  is  open  at  3. 
By  making  that  tube  rotate  around  ^,  the 
opening  3  may  now  be  brought  to  the 
level  desired.  By  means  of  devices  of  this 
type  we  obtained  our  first  data  concern- 
ing the  equilibrium  of  aquariums  with 
sand  bottoms.  When  the  tank  has  oper- 
ated in  that  way  for  a  certain  time,  the 
sediment  settles  somewhat,  the  bottom  be- 
comes clogged,  and  the  amount  of  water 
that  will  effectively  pass  through  the  sand 
on  its  way  from  the  large  pipe  is  reduced 
gradually.  One  may  then  remove  the 
bent  tube  and,  thereby,  suppress  almost 
completely  the  irrigation  coming  from  the 
large  pipe.  The  irrigation  of  the  sand 
will  then  continue  to  be  taken  care  of  al- 
most exclusively  by  the  fauna  that  has  been 
installed  in  the  sandy  substratum,  and  no 
symptoms  of  anaerobiosis  will  appear. 


66 


YVES    B.    PLESSIS 


During  the  numerous  tests  which  we 
made  we  had  never  made  a  lateral  opening 
in  the  large  pipe.  We  noticed,  then,  an 
inconvenience  of  rather  secondary  im- 
portance when  this  mode  of  procedure  is 
adopted:  the  inflow  of  the  water  which 
most  frequently  is  handled  by  means  of  an 
exhausting  device  causes  precipitations  of 
water  that  we  later  have  tried  to  prevent. 
Nevertheless,  one  of  our  installations  has 
made  use  of  that  very  phenomenon  to 
create  a  "spindrift  zone." 

The  tanks  with  mud  bottoms  are  con- 
ceived along  the  same  lines  as  those  having 
sand  bottoms.  It  must  be  noted,  however, 
that  the  irrigation  of  the  mud  by  means 
of  the  water  column  of  the  large  pipe  is 
extremely  weak.  Almost  all  of  the  water 
passes  through  the  overflow  pipe  of  the 
large  tube.  Too  strong  a  pressure  on  the 
mud  must  be  avoided  because  the  mud  is 
much  less  resistant  to  the  "spring"  phe- 
nomenon than  the  sand.  As  to  the  surface, 
it  is  particularly  important  to  study  the 
water  current  so  as  to  prevent  its  scooping 
out  the  mud.  Finally,  when  building  a 
tank  of  this  type,  it  is  advisable  to  pro- 
vide, between  the  screen  at  the  bottom  of 
the  tank  and  the  mud,  a  layer  of  a  few 
centimeters  of  sand. 

FILTERING  SYSTEM 

The  tanks  with  sand  bottoms  may  be 
located  at  any  point  within  the  closed  cir- 
cuit of  an  aquarium.  They  may  be 
mounted  in  series  or  parallel.  It  may  be 
well  to  note  that  they  act  as  complete  or 
partial  filters,  and  for  that  reason  they 
should  be  intercalated  at  suitable  points 
in  the  circuit.  We  have  used  these  tanks 
as  filters  in  several  different  circuits. 
They  do  not  need  any  frequent  mainte- 


nance operations  and  are  able  to  go  on  for 
years.  Generally,  they  act  as  partial 
filters,  and  the  problem  of  complete  filtra- 
tion will  have  to  be  solved  many  times 
without  them.  We  have  not  used  any  per- 
manent filters  but  have  been  content  with 
sand-bottom  tanks  acting  as  partial  filters 
since — in  a  complex  breeding  installation 
where  we  have  been  more  interested  in 
bringing  about  a  biological  equilibrium 
than  in  the  survival  of  a  certain  species — 
such  a  filter  traps  the  plankton  and  we 
generally  were  eager  to  avoid  such  a  trap. 
But  in  a  breeding  installation  where  micro- 
fauna  and  microflora  are  suspended  in  the 
water  and  constitute  a  true  plankton,  it  is 
sometimes  necessary  to  introduce  a  com- 
plete filter  into  the  circuit  in  order  to 
restore  an  equilibrium  that  has  been  upset 
by  an  intervention  of  an  experimental 
nature.  For  that  purpose,  we  have  used  a 
large-dimension  Pyrex  glass  tube,  having  a 
diameter  of  110  to  120  mm.,  and  a  length 
of  80  cm.  It  was  placed  vertically  into 
the  reserve  tank  where  it  exceeded  the 
water  level  by  30  to  40  cm.  Its  lower  part 
is  closed  by  a  plug  of  polyvinyl  chloride 
which  is  perforated  and  is  kept  in  position 
by  plastic  tubes  that  are  reinforced  inter- 
nally by  metal  rods.  These  reinforced 
tubes  are  held  at  the  upper  part  of  the 
Pyrex  tube  by  their  ends  which  have  the 
form  of  hooks.  We  introduced  empty 
shells  into  the  filter,  at  its  bottom,  in  a 
layer  having  a  thickness  of  5  cm.,  followed 
by  a  nylon  screen  which  holds  a  20-cm. 
column  of  charcoal ;  this  is  followed  by  a 
thin  layer  of  glass  wool  covered  by  small 
pebbles  in  a  thickness  of  15  to  20  cm.  This 
filter  is  kept  in  place  during  the  time  re- 
quired and  is  maintained  at  a  suitable 
level. 


MODIFICATION  OF  THE  SAND  MILIEU  FOR  A  PUBLIC  TANK 

The  installation  with  a  sand  bottom  that  of  psammophile  anemones,  pleuronectids, 

has  been  described  may  be  of  great  interest  sand  crabs,  etc.     In  large  sizes,  this  ap- 

in  a  public  aquarium  for  the  presentation  paratus  can  be  installed  with  two  lateral 


MARINE    AQUARIUM    PROCEDURES    AND    TECHNIQUES 


67 


edges  that  recede  according  to  Garnaud's 
principle  of  the  tank  with  nonparallel 
sides,  and  with  plate  glass  inclined  at  about 
20°  from  the  vertical  so  as  to  show  the 
sand  bottom  at  a  convenient  angle.  The 
back  of  the  tank  (the  part  opposite  the 
glass)  will  be  strongly  concave  and  very 
much  bell-mouthed.  In  this  section,  the 
wall  will  be  inclined  at  about  45°.  Under 
these  conditions,  an  observer  looking 
through  the  glass  will  not  see  the  lateral 
edges ;  he  will  practically  not  see  the  water 
surface,  and  he  will  easily  confuse  the 
back  and  the  floor. 

The  principle  of  the  aquarium  with 
nonparallel  sides  according  to  Garnaud 
has  one  fault :  it  presents  to  the  public  an 
exhibit  area  that  is  relatively  small  as 
compared  with  the  size  of  the  tank,  and  if 
the  exhibit  is  particularly  attractive  the 
visitors  will  crowd  each  other  in  front  of 
the  aquarium.  Consequently,  we  suggest 
an  entirely  new  form  in  which  two  sides 
are  slanted  parallelepipeds  that  enable  the 
visitors  to  see  the  exhibit  clearly  from  two 
angles.  The  advantage  in  servicing  the 
aquarium  is  certain :  despite  the  large  size 
of  the  tanks,  they  have  very  little  depth 
(fig.  10, 11,  and  12). 


Figure  10. — Sand  tank  for  public  exhibit.  The 
heavily  stippled  areas  represent  the  blind  sides 
of  the  tank.  Sand  fills  the  lower  section  (B) 
of  the  entire  tank,  up  to  the  bottom  edge  of 
the  plate  glass  (A  and  A').  The  back  of  the 
tank  (D)  slopes  backward  in  order  to  blend 
visually  into  the  sandy  soil  bottom.  E  is  the 
channeled  corner  holding  the  plate  glass. 


Figure   11. — Bird's-eye  view  of  sand  tank  for 
public  exhibit,  showing  5-sided  shape  of  tank. 


Figure  12. — Cross  section  through  the  middle  of 
the  sand  tank,  from  E  at  center  front  to  D 
at  back. 

An  aquarium  of  this  type,  in  which  the 
length  of  the  two  panes  of  glass  reaches  2 
m.  while  its  total  length  amounts  to  2.50 
m.  and  its  width  is  1.60  m.,  affords  a  field 
of  view  that  appears  to  be  unlimited.  In 
this  example,  the  height  of  the  free  water 
would  certainly  not  exceed  1  m. 

Cultivation  of  algae 

This  arrangement  is  very  efficient  for 
cultivating  marine  algae,  either  for  par- 
ticular studies  or  for  maintaining  an  iso- 
lated marine  environment  in  perfect 
equilibrium  (figs.  13  and  14). 

We  have  developed  a  technique  of  cul- 
ture upon  a  film  of  water.     Under  these 
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conditions  the  gaseous  exchanges  between 
the  air  and  water  attain  their  maximum 
activity.  Most  of  the  algae  spread  out 
and  assume  strange  forms;  C odium  to- 
mentosum,  for  example,  develops  a  thick 
knobby  cover.     This  technique  for  culti- 
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Figuke  13. — General  plan  of  equipment  for  culti- 
vation of  algae :  A,  inlet  of  water ;  B,  outlet 
of  water.  The  general  plan  without  the  top 
plate  is  shown  at  top ;  a  cross  section  showing 
the  top  plate  is  at  the  bottom. 


vation  of  algae  raised  on  glass,  commer- 
cially known  in  France  by  the  name  of 
"lessive,"  permits  the  complete  isolation 
of  volumes  of  air  which  are  important  for 
raising  aerobic  marine  invertebrates  sep- 
arately upon  a  blanket  of  C odium  sp. 
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Figure  14. — Cut-away  section  of  algae-cultiva- 
tion equipment :  A,  inlet  of  water ;  B,  outlet  of 
water. 


Figure  15. — Cut-away  section  of  a  plate  of  the 
"lessive"  type:  A.  inlet  of  water;  B,  outlet 
of  water  ;  C,  glass  rod  for  breaking  up  the  flow 
of  water ;  D,  bar  of  glass  fastened  to  the  top 
plate  for  breaking  up  the  flow  of  water. 


CONCLUSION 


We  have  acquired  our  experience  in 
"aquariology"  by  looking  for  special  solu- 
tions to  problems  of  experimental  ecology. 
The  rules  that  we  have  worked  out  gradu- 
ally will  perhaps  enable  others  to  save  a 
good  deal  of  guesswork.  The  actual 
establishment  of  special  habitats  is  even 
now  most  helpful  in  the  field  of  experi- 
mental investigations. 

The  needs  of  the  public  aquarium  are 
different  from  those  of  a  research  aquari- 
um where  the  care  for  the  living  condi- 


tions of  the  occupants  is  not  combined 
with  esthetic  preoccupations.  Many  of 
the  techniques  described  here  have  been 
conceived  for  the  purposes  of  experi- 
mental ecology  and  cannot  be  transposed 
directly ;  on  the  other  hand,  the  aquarium 
with  a  sand  bottom — presented  in  a  tank 
with  nonparallel  sides  and  with  inclined 
glass — is  certainly  a  fortunate  transposi- 
tion from  the  experimental  scale  to  the 
large-scale  public  presentation. 


A  FAST-FLOW  CLOSED-CIRCUIT  MARINE  AQUARIUM 


By  L  J.  Hale 

The  Ashworth  Laboratory,  University  of  Edinburgh,  Edinburgh,  Scotland 

Abstract. — A  relatively  fast  flow  of  sea  water  results  in  a  much  greater  success  in 
keping  marine  organisms  in  aquariums,  and  a  closed-circuit  system  will  remain  biologi- 
cally balanced  without  changing  or  filtering  the  sea  water  and  without  temperature 
control.  The  water  is  actively  circulated  by  a  social  pump  which  is  an  elaboration  of 
the  bubbling  tube.  This  pump  has  advantages  over  conventional  pumps  in  the  absence 
of  corrosion  and  contamination  and  of  damage  to  organisms  passing  through  it;  it 
requires  little  maintenance. 


In  earlier  papers  (Hale,  1957,  1960a)  I 
briefly  described  closed-circuit  experi- 
mental aquariums  which  probably  owed 
their  success  primarily  to  the  relatively 
fast  circulation  of  the  sea-water.  There 
were  neither  filters  nor  reserve  tanks  in 
the  system;  the  water  was  never  changed 
nor  its  temperature  controlled.  From  the 
experience  so  gained  a  permanent  ap- 
paratus was  built  and  has  been  operated 
successfully  for  over  4  years.  The  details 
of  this  aquarium  are  described  in  this 
paper. 

ECOLOGICAL  CONSIDERATIONS 

The  essential  features  of  this  aquarium 
are  based  on  possible  changes  in  the 
aquarium  water,  and  how  these  changes 
might  be  counteracted  by  providing  an 
adequate  flow  of  water.  These  considera- 
tions will  be  discussed  briefly. 

Inorganic  ions 

The  greatest  problems  encountered  with 
sea-water  aquariums  arise  from  changes 
in  the  concentration  of  ions  which  occur 
in  the  artificial  environment.  These 
changes  are  caused  by  the  contained  orga- 
nisms, and  any  radical  departure  from 
normal  is  likely  to  be  detrimental.  Im- 
portant among  these  ions  is  calcium.    The 


concentration  of  this  ion  is  likely  to  be 
rapidly  reduced  by  the  many  organisms 
processing  calcareous  skeletons;  they  ac- 
tively remove  calcium  from  the  sea  water 
(Bevelander,  1952;  Eobertson,  1941;  Wil- 
bur and  Jodrey,  1952).  A  decrease  in  the 
calcium  ion  concentration  might  also  take 
place  if  the  carbon  dioxide  tension  were 
reduced  by  too  much  photosynthesis 
(Harvey,  1957),  and  also  if  the  sulphate 
ion  concentration  rose  as  a  result  of  aerobic 
putrefaction  of  excessive  protein  sulphur 
from  dead  organisms.  Replacement  of 
calcium  is  likely  to  take  place  if  an  excess 
of  calcium  carbonate  is  kept  in  the  water, 
such  as  mollusk  shells  or  limestone  chips. 
It  is  also  clearly  an  advantage  for  the  pH 
of  the  sea  w7ater  to  be  kept  normal  (8.1- 
8.2)  by  providing  light  for  an  adequate 
degree  of  photosynthesis.  Photosynthetic 
plants  are  also  desirable  to  control  inor- 
ganic nitrogen. 

The  concentration  of  ions  containing 
nitrogen  is  likely  to  increase  considerably 
over  the  minute  amounts  contained  in  the 
sea  (Oliver,  1957).  Ammonia  is  excreted 
by  many  marine  animals;  the  excretory 
urea  of  some  will  be  rapidly  hydrolyzed 
to  ammonia.  Ammonia  is  oxidized  by 
nitrifying  bacteria  to  nitrite  and  then  to 
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nitrate.    It  will  accumulate  as  nitrate  un- 
less removed  by  photosynthetic  plants. 

Other  major  constituents  of  sea  water 
are  unlikely  to  alter  significantly,  but  the 
concentration  of  some  minor  constituents 
may  do  so.  For  example,  phosphate  is 
removed  by  plants  and  some  animals,  and 
excreted  by  animals  but  information  on 
this  ion  is  too  meager  to  make  a  useful 
assessment  of  the  situation  in  an  aquarium. 
Other  ions,  such  as  iodide,  silicon,  and 
copper,  may  become  depleted  when  par- 
ticular organisms  requiring  them  are  kept 
in  the  tanks. 

Suspended  particles 

Marine  bacteria  are  largely  sedentary 
(ZoBell  and  Anderson,  1936)  ;  nitrifying 
bacteria  are  found  associated  with  sus- 
pended particles.  These  particles  may 
adsorb  ammonia  (Cooper,  1948a),  thereby 
encouraging  bacterial  oxidation. 

Most  of  the  iron  in  the  sea  occurs 
as  colloidal  particles  (Cooper,  1948b; 
Cooper,  1948c;  Harvey,  1937b).  Nitrify- 
ing bacteria  require  iron  (Spencer,  1956), 
as  also  do  diatoms  (Goldberg,  1952;  Har- 
vey, 1937a)  which  are  useful  photosyn- 
thetic organisms  in  an  aquarium.  Sus- 
pended particles  are  essential  as  food  for 
filter-feeding  organisms.  Thus  suspended 
particles  are  an  important  feature  of  the 
marine  environment,  and  the  common 
practice  of  filtering  aquarium  water  would 
appear  to  be  harmful. 

Water  movement 

The  necessity  for  an  active  movement 
of  water  in  an  aquarium  is  indicated  by 
the  fact  that  the  majority  of  organisms 
kept  therein  are  relatively  sluggish  or 
sedentary.  The  materials  they  require 
for  their  existence  which  are  contained  in 
the  water,  and  the  desirability  of  flushing 
away  excretory  products,  must  therefore 
be  mediated  by  the  water.  Marine  orga- 
nisms fall  into  three  main  groups  as  re- 
gards these  materials.     Firstly,  there  are 


the  animals  and  the  aerobic  putrefying 
bacteria;  they  require  oxygen,  and  their 
waste  products  include  carbon  dioxide, 
ammonia,  and  some  inorganic  phosphate 
and  sulphate.  Secondly,  there  are  the 
nitrifying  bacteria  requiring  oxygen,  am- 
monia, and  phosphate,  and  producing  car- 
bon dioxide  and,  ultimately,  nitrate. 
Thirdly,  there  are  the  photosynthetic 
plants  which,  in  the  presence  of  light, 
more  importantly  require  inorganic  nitro- 
gen, phosphorus,  sulphur,  and  carbon  di- 
oxide; they  give  off  oxygen.  Thus  the 
requirements  of  one  group  are  the  waste 
products  of  another,  and  a  stream  of  water 
is  the  obvious  means  of  transportation  of 
these  materials. 

To  this  must  be  added  the  function  of  a 
moving  stream  of  water  in  supporting  sus- 
pended particles. 

There  may  be  other  beneficial  proper- 
ties of  an  active  water  movement.  For 
example,  marine  hydroids  become  mori- 
bund and  die  in  1  or  2  days  in  stagnant 
water,  but  they  will  live  indefinitely  in  a 
moving  stream  of  sea  water  (Hale,  1960a, 
1960b).  The  reasons  for  this  remain 
obscure. 

In  the  aquarium  here  a  rate  of  flow  of 
water  of  10  feet  per  minute  is  maintained 
and  is  generally  satisfactory.  Faster  and 
slower  rates  are  found  in  different  parts 
of  a  tank.  The  flow  may  be  increased 
considerably  by  the  use  of  baffles. 

Temperature 

Consideration  of  the  literature  on  the 
temperature  tolerance  of  marine  orga- 
nisms indicates  that  a  temperature  up  to 
at  least  20 °C.  is  not  harmful  to  organisms 
trom  temperate  seas.  The  water  tempera- 
ture in  the  aquarium  here  has  risen  to  21° 
C.  without  noticeable  effect  on  the  con- 
tained organisms. 

DESIGN  OF  AQUARIUM 

This  brief  survey  of  aquarium  condi- 
tions points  to  a  simplicity  in  the  design 


FAST-FLOW    CLOSED-CIRCUIT    MARINE    AQUARIUM 


71 


of  aquariums  in  that  filter  beds,  tempera- 
ture control,  and  large  stocks  of  sea  water 
(an  important  consideration  to  labora- 
tories remote  from  the  sea)  are  unneces- 
sary. The  degree  of  success  of  the  aquar- 
ium here  supports  this  conclusion.  The 
tanks  in  this  aquarium  are  arranged  in 
series  with  a  specially  designed  water- 
circulating  pump  placed  between  two 
tanks  in  the  circuit.  Thus  the  sea  water 
passes  from  the  pump  through  one  tank 
after  another  and  back  to  the  pump  again 
as  a  continuous  circulation  of  the  same 
water.  The  pump  and  tanks  are  designed 
so  as  to  maintain  an  adequate  flow  of 
water;  all  parts  of  the  apparatus  in  con- 
tact with  the  sea  water  are  of  glass  or 
plastic.  There  is  a  device  for  producing 
tides,  technically  easy  in  a  closed  system, 
and  lighting  is  provided  for  some  tanks. 

The  pump 

The  desirable  features  of  a  sea -water 
pump  are  that  it  should  not  corrode  in  sea 
water  nor  should  it  have  moving  parts  in 
the  water.  Corrosion  shortens  the  life 
and  reduces  the  efficiency  of  the  pump. 
Metals  (except  perhaps  stainless  steel) 
may  corrode  and  liberate  ions  toxic  to 
marine  organisms.  Moving  parts  are  ex- 
posed to  abrasion  by  sand  grains  and  may 
damage  organisms  passing  through  them. 
To  overcome  these  difficulties  the  pump  I 
have  used  is  an  elaboration  of  the  well- 
known  bubbling  tube,  and  is  fashioned  in 
plastics.  A  bubbling  tube  consists  of  a 
vertical  tube  into  the  bottom  of  which  air 
is  pumped;  the  bubbles  rise  to  the  top 
carrying  water  with  them.  The  efficiency 
of  such  a  tube  depends  on  its  length  and 
bore,  the  rate  of  air  injection,  and  the  head 
of  water  against  which  it  pumps.  Figure 
1  shows  that  a  tube  of  about  %-inch  bore 
with  a  low  rate  of  air  injection  is  the  most 
efficient.  More  water  may  be  pumped  by 
increasing  the  rate  of  air  injection,  but 
the  efficiency  of  the  tube  decreases.     The 
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Figure  1. — Efficiency  of  bubbling  tubes  (volume 
of  water  per  volume  of  air)  at  stated  rates  of 
air  injection.  At  top,  effect  of  the  bore  of  a 
tube  (5-foot  length,  no  head  of  water)  ;  in  the 
middle,  effect  of  the  length  of  a  tube  ( %-inch 
bore,  no  head  of  water)  ;  at  bottom,  effect  of 
the  head  of  water  (5-foot  length,  y2-inch  bore) . 


efficiency  of  a  bubbling  tube  also  increases 
if  its  length  is  increased.  It  decreases  in 
efficiency  as  the  head  of  water  against 
which  it  pumps  increases;  this  is  not  a 
serious  objection  for  closed-circuit  aquar- 
iums, as  the  head  of  water  is  never  more 
than  a  few  inches. 
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The  pump  I  use  here  is  provided  with  12 
bubbling  tubes  of  i/2-inch  bore.  The  base 
of  the  pump  (figs.  2  and  3)  is  fashioned 
of  Perspex.  Water  from  the  'last'  tank  is 
led  to  the  central  2-inch-diameter  water 
inlet  by  a  polythene  tube  from  a  similar 
adapter  attached  to  this  tank  (fig.  4). 
The  water  then  passes  out  into  the  ring  of 
bubbling  tubes.  These  are  of  PVC  (poly- 
vinyl chloride)  and  carry  the  water,  plus 
air  bubbles,  through  an  adapter  (fig.  4) 
to  the  'first'  tank.  Air  is  injected  into 
the  bases  of  the  bubbling  tubes  through 
the  outer  ring  of  nozzles;  the  size  of  the 
air  orifice  has  no  effect  on  the  efficiency 
of  the  bubbling  tube. 

Each  air  inlet  must  have  its  own  control 
valve.  In  the  present  equipment,  air  from 
a  compressor  passes  into  a  Perspex  cham- 
ber provided  with  12  air  outlets,  each  hav- 
ing a  simple  Perspex  valve.  It  is  possible 
that  a  simpler  design  would  be  to  fit  these 


valves  to  the  basal  part  of  the  pump.  The 
required  pressure  of  air  is  that  which  is 
sufficient  to  overcome  the  pressure  of  the 
column  of  water  in  a  bubbling  tube  (for 
example,  y5  atmosphere  for  a  6-foot  tube). 
When  working  at  an  economical  rate 
this  pump  moves  about  250  gallons  of 
water  per  hour  (300  U.S.  gallons)  for  the 
expenditure  of  about  12y2  cubic  feet  of 
air.  Increasing  the  rate  of  air  injection 
increases  the  rate  of  pumping  water  but 
is  less  efficient ;  25  and  50  cubic  feet  of  air 
will  move  respectively  about  310  and  375 


Figure  2. — Pump  base,  made  of  Perspex,  with 
12  PVC  bubbling  tubes  of  y2-mch  bore. 


VIEW  THROUGH  AA  t 

Figure  3. — Plan  and  section  of  pump  base. 
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END    OF    FIRST 
OR    LAST  TANK 


Figure  4. — Units  for  taking  water  to  and  from 
the  pump.  They  are  of  black  Alkathene  except 
for  the  adapters  which  are  Perspex. 

gallons  of  water  per  hour  (370  and  450 
U.S.  gallons). 

This  pump  has  run  without  fault  for 
over  4  years;  its  only  maintenance  is  an 
occasional  cleaning  (about  twice  a  year). 

It  should  be  noted  that  the  pump  also 
aerates  the  water. 


together  satisfactory  as  it  tends  to  become 
rather  brittle  in  time.  In  normal  use  it 
is  quite  sound,  but  careless  handling  or 
jolting  of  tanks  might  cause  it  to  crack 
and  cause  a  leak. 

As  is  well  known,  iron  frames  need  very 
careful  and  thorough  painting  to  prevent 
corrosion.  Normal  oil-bound  paint  has 
been  used  here,  but  renovation  has  been 
necessary  every  year  or  two.  Epoxy-resin 
paints  would  be  well  worth  trying  and 
are  likely  to  resist  corrosion  much  better. 

The  dimensions  of  the  tanks  and  the 
position  and  bore  of  the  inlet  pipes  are 
of  some  importance  in  relation  to  the  main- 
tenance of  an  adequate  rate  of  water  flow. 
The  tanks  here  are  3  feet  long,  8  or  10 
inches  wide,  and  12  inches  tall.  They  con- 
tain water  to  a  depth  of  3  to  10  inches 
(see  "Tidal  conditions"  below).  The 
cross-sectional  area  of  the  tanks  is  kept 
small,  as  this,  combined  with  the  capacity 
of  the  pump,  largely  determines  the  rate 
of  flow  of  water  (but  see  note  on  swirling 
in  the  next  section). 

Tank  connecting   units 

The  pipes  connecting  one  tank  to  the 
next,  and  those  connecting  the  'first'  and 
'last'  tanks  to  the  pump  are  made  of  black 
Alkathene.  They  are  modified  from  units 
made  commercially  for  plumbing  pur- 
poses. The  details  are  shown  in  figure  5. 
These  units  were  designed  so  that  a  single 
tank  may  be  removed  easily  from  the  series 
for  repair  or  maintenance.  A  siphon  made 
of  the  same  material  is  kept  in  reserve  and 
is  used  to  maintain  the  circulation  should 
it  be  necessary  to  remove  a  tank.  The  first 
and  last  tanks  are  provided  with  a  'bend' 
(fig.  4)  to  which  are  bolted  the  adapters 
for  receiving  the  water  from,  and  con- 
ducting the  water  to,  the  pump.  In  all 
cases  watertight  seals  are  obtained  by  add- 
ing a  film  of  vaseline  (while  the  units  are 
dry). 

The  connecting  units  are  fitted  as  near 
to  the  bottoms  of  the  tanks  as  possible. 
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Figure  5. — Tank-connecting  units. 

Swirling  of  the  water  is  to  be  encouraged, 
but  increasing  the  speed  of  entry  of  water 
with  a  smaller  bore  pipe  (to  get  more 
swirling)  results  in  an  increase  in  the  head 
of  water  and  reduces  the  efficiency  of  the 
pump,  so  that  a  compromise  is  necessary ; 
2-inch  bore  pipes  are  used  on  the  aquarium 
here. 

Tidal  conditions 

A  closed  circulation  system  enables  tidal 
conditions  to  be  easily  simulated  by  a 
sluice  gate.  A  round  hole  is  cut  in  one  of 
the  broad  sides  of  a  Perspex  box  so  that 
it  may  be  fixed  to  a  tank  connecting  unit. 
The  opposite  broad  side  is  cut  down  so  as 
to  be  at  the  level  of  the  water.  The  sluice 
gate,  also  of  Perspex,  slides  in  slots  against 
this  side  of  the  box.  One  end  of  a  pivoted 
arm  is  attached  to  the  sluice  gate,  the  other 
end  resting  on  a  cam  turned  by  an  electric 
clock  motor.  Thus  the  sluice  gate  rises 
and  falls  once  every  12  hours;  as  it  rises, 
the  depth  of  water  on  the  upstream  side 
increases,  and  therefore  decreases  on  the 
downstream  side;  as  the  gate  falls,  the  two 
water  levels  reverse  this  change  until  they 
become  equal  again. 


Tidal  conditions  are  necessary  for  some 
intertidal  organisms.  It  has  been  found 
that  limpets,  for  example,  live  indefinitely 
in  these  tidal  conditions,  but  were  difficult 
to  keep  for  long  without  them. 

Filtration 

For  the  reasons  already  stated  the  water 
in  the  aquarium  is  not  filtered.  It  would 
be  expected  that  detritus  would  slowly  col- 
lect in  the  tanks,  and  this  does  happen. 
This  detritus  appears  to  have  no  delete- 
rious effects  on  most  organisms,  but  it  does 
tend  to  swamp  some  smaller,  sedentary 
types. 

An  obvious  method  of  control  is  to  re- 
move it  from  time  to  time,  but  in  the  ab- 
sence of  knowledge  as  to  the  nature  of  the 
detritus  this  practice  might  upset  the 
chemical  balance  of  the  aquarium.  A  bet- 
ter method  is  to  introduce  detritus  feed- 
ers; hermit  crabs  have  been  used  success- 
fully. 

It  is  worth  mentioning  that  in  spite  of 
the  slow  accumulation  of  detritus  the  wa- 
ter always  remains  perfectly  clear. 

Lighting 

Fluorescent  lighting  is  provided  for 
some  tanks.  The  amount  of  lighting,  in- 
cluding the  time  it  is  switched  on,  is  ad- 
justed so  that  the  photosynthetic  orga- 
nisms (especially  diatoms)  keep  the  pH  of 
the  water  to  about  8.1-8.2. 
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A  SUBSIDIARY  HOT-WATER  CIRCUIT 

IN  AN  AQUARIUM  FED  BY  AN  OPEN  CIRCUIT 

By  L.  Barriety 

Musee  de  la  Mer,  Biarritz,  France 

Abstract. — An  effective  method  is  described  for  recirculating  and  filtering  heated  sea 
water,  in  order  to  alleviate  the  thermal  loss  entailed  when  warmed  water  is  wasted. 


One  of  the  disadvantages  of  supplying 
an  aquarium  with  sea  water  using  an  open 
circuit  is  the  lack  of  flexibility  from  the 
thermal  point  of  view.  The  temperature 
at  which  the  water  is  received  in  such  an 
installation  is  closely  related  to  the  tem- 
perature of  the  sea  water  at  the  point 
where  it  is  pumped,  and  if  for  any  rea- 
son— for  instance,  maintenance  of  tropical 
fish  or  of  organisms  from  polar  regions — 
it  is  necessary  to  heat  or  cool  the  water, 
this  conditioned  water  will  be  drained  off 
almost  entirely,  without  any  practical  pos- 
sibility of  recovery. 

But  in  these  temperate  regions  it  fre- 
quently occurs  that  subtropical  animals 
may  be  caught  from  the  sea,  and  if  one 
idesires  to  keep  them  alive  for  several  years 
it  becomes  necessary  to  supply  them  with 
:heat  during  the  winter.  If  they  are  small, 
and  if  the  tank  where  they  live  is  rather 
small,  one  may  be  content  to  heat  the  water 
by  any  means  (the  most  frequently  used 
means  is  an  immersion  heater)  and  to  let 
the  warmed  water  go  down  the  drain,  since 
the  weak  output  does  not  involve  a  very 
considerable  expenditure  of  heat.  Things 
ire  entirely  different  in  the  case  of  large 
animals  requiring  tanks  that  are  some- 
times tens  of  cubic  meters  in  size.  In  such 
i  case,  the  recovery  of  the  water  after  it 

This  paper  was  prepared  in  French  ;   it  was  trans- 
ated  into  English  by  a  commercial  translating  service. 


has  passed  through  the  tanks  affords  a  sub- 
stantial saving  of  heat  and  is  therefore 
necessary.  This  procedure  is  used  in  the 
turtle  (Caretta  caretta)  tank  of  the 
Musee  de  la  Mer  at  Biarritz,  which  has 
a  volume  of  18  cubic  meters. 

To  maintain  sufficient  limpidity  in  the 
tank,  it  is  necessary  to  ensure  a  more  or 
less  total  renewal  of  the  water  every  24 
hours,  and  the  daily  consumption  is  close 
to  15  cubic  meters.  On  the  other  hand, 
to  provide  good  living  conditions  for  the 
turtles,  the  water  temperature  must  be 
maintained  at  17°  to  18°  C.  In  midwinter 
the  water  comes  from  the  reserve  tanks 
at  10°  to  11°  C.  and  is  heated  in  a  heat 
exchanger  to  18°  C.  before  it  is  introduced 
into  the  exhibit  tank,  which  it  leaves  at 
a  temperature  of  17°  C.  It  is  this  water 
that  is  drained  off,  with  a  consequent  loss 
of  the  magnitude  of  75  therms;  this  rep- 
resents, for  just  one  tank,  a  very  consider- 
able waste. 

Accordingly,  we  have  considered  it  ap- 
propriate to  alleviate  that  loss  as  much  as 
possible  by  recovering  the  water  and  re- 
using it  after  filtration.  Consequently, 
for  this  turtle  tank,  a  separate  circuit  was 
installed  at  the  outlet  of  the  exhibit  tank 
A  (fig.  1)  which  includes  a  filter  with  two 
compartments,  a  heat  exchanger,  and  a 
rotary  pump  which  accelerates  the  circula- 
tion.   The  most  interesting  element  of  this 
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Figure  1. — Filtering  system— side  view  above,  top  view  below  :  A,  concrete  tank  ;  B,  filter  chamber ; 
C,  storage  compartment ;  D,  heat  exchanger ;  E,  centrifugal  pump.  1,  2,  3,  4,  and  5  are  gate 
valves. 


device  is  the  filter.  It  consists  essentially 
of  a  rectangular  basin  of  reinforced  con- 
crete from  which  the  flow  may  be  inter- 
rupted by  means  of  a  gate  valve  (1). 
The  dirty  water  arrives  from  the  tank  in 
the  lower  compartment  of  the  filter  (B')  ; 
the  abrupt  loss  of  speed  of  the  water, 
which  flows  from  the  pipe  into  a  much 
larger  vessel,  causes  a  rapid  deposition  of 
the  largest  impurities.  The  bottom  is  at 
a  10-percent  incline,  with  a  gate  valve  {2) 
at  its  lowest  point;  this  permits  easy 
evacuation  of  the  slush  formed.   From  this 


lower  compartment  the  water  passes 
through  a  perforated  slab  and  reaches  the 
filter  proper  (b)  which  consists  first  of  a 
layer  of  oyster  shells  designed  to  fix  the 
nitrites,  and  then  of  beds  of  gravel  of 
gradually  decreasing  size  ranging  from 
5-7  cm.  to  1-1.5  cm.  The  water  in  the 
upper  part  of  this  filter  is  sufficiently  trans- 
parent to  be  reused  in  the  exhibition  tank. 
The  water  is  caught  once  more  by  a 
tube  which  conveys  it  into  a  last  storage 
compartment  (C)  where  it  may  still  lose, 
by  gravity,  a  few  elements  that  might  have 
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been  able  to  pass  through  the  filtering 
beds.  The  lower  part  of  this  component 
of  the  filter  may  be  cleaned  by  opening  a 
gate  valve  (#),  releasing  for  drainage  a 
few  liters  of  water  from  the  bottom. 
Finally,  the  water  will  be  caught  by  a  pipe 
system  above  the  last  compartment  of  the 
filter,  and  will  traverse  a  heat  exchanger 
(D)  of  18  kw.  where  it  will  be  reheated 
to  18°  C,  the  temperature  desired,  and 
finally  a  centrifugal  pump  (E)  which  has 
an  output  of  2  m.3/h.  and  is  driven  by  a 
small  1-kw.  electric  motor.  Even  though 
the  pump  has  a  small  output,  it  has  enough 
power  for  the  requirement  (about  15  m.3/ 
day) ;  moreover,  it  does  not  operate  con- 
tinuously, because  the  closing  and  opening 
of  the  electric  circuit  are  controlled  by  an 
hourly  break  switch. 


The  filtering  gravel  beds  are  very  easy 
to  clean.  The  gate  valve  (2)  is  opened, 
and  the  pressure  is  sufficient  to  direct  a  jet 
of  water  to  the  upper  part  of  the  tank. 
Some  10  minutes  suffice  for  cleaning  the 
gravel  almost  completely.  It  is  left  to 
drip  off  for  a  few  minutes,  then  the  sys- 
tem may  be  put  into  operation. 

It  is  unnecessary  to  add  that  the  instal- 
lation operates  only  during  the  winter. 
The  open-circuit  feeding  will  be  reestab- 
lished as  soon  as  the  pump  water  reaches  a 
temperature  of  16°  to  17°  C. 

It  should  be  understood  that  the  method 
explained  here  is  only  a  makeshift  device  ; 
still,  its  results  are  acceptable,  and  it  pro- 
vides a  considerable  saving  of  thermal 
energy. 


EXPERIMENTAL  SEA-WATER  SYSTEMS 
FOR  REARING  FISH  LARVAE 

By  J.  E.  Shelbourne,  Fishery  Research  Biologist 

Ministry  of  Agriculture,  Fisheries,  and  Food  Fisheries  Laboratory,  Lowestoft,  Suffolk,  England 

Abstract. — Marine  fish  are  not  easy  to  rear  in  aquariums,  but  encouraging  results 
have  been  achieved  for  the  plaice  (Plcuronectes  platessa)  in  closed  circulation  at  Lowe- 
stoft. Two  temperature-controlled  sea-water  systems  are  described,  both  using  illumi- 
nated green  algae  for  metabolite  regulation,  and  one  having  a  measure  of  bacterial 
control  by  ultraviolet  light.  Survival  is  better  in  open  circulation  where  metabolite 
accumulations  are  less  severe.  Two  further  hatchery  systems  are  outlined  ;  one  deliver- 
ing a  continuous  flow  of  filtered  and  temperature-adjusted  sea  water  for  local  experi- 
mental use,  and  the  other  for  conducting  long-term  experiments  on  chemical  factors 
affecting  egg  and  larval  survival. 


U.S.  Fisheries  Commissioner  Spencer 
F.  Baird  (1880)  pioneered  the  first  at- 
tempt to  rehabilitate  a  depleted  sea  fishery 
by  large-scale  artificial  propagation  in  ma- 
rine hatcheries.  His  efforts  were  influ- 
enced by  the  discovery  of  G.  O.  Sars 
(1866)  that  a  cod  egg  could  be  artificially 
fertilized  in  much  the  same  way  as  a  fresh- 
water fish  egg.  The  American  example 
stimulated  European  interest;  hatcheries 
were  soon  erected  in  Norway  and  Britain, 
but  after  several  decades  of  operational 
use,  with  no  solid  returns,  hatchery  prac- 
tice fell  into  disrepute.  Technical  devel- 
opment became  stunted  by  the  inability 
of  pioneers  to  rear  sea  fish  in  large  num- 
bers beyond  their  tender  early  stages. 
Production  was  measured  in  terms  of  eggs 
and  early  larvae  liberated  into  the  sea, 
rather  than  tough  fish  with  reasonable 
chances  of  further  survival. 

Even  in  those  early  days,  certain  species 
had  been  reared  through  the  postlarval 
phase,  including  the  herring  (Meyer, 
1880),  the  cod  (Rognerud,  1887),  the 
plaice  (Dannevig,  1897),  the  sole  (Fabre- 
Domergue  and  Bietrix,  1905)  and  the  tur- 


bot  (Anthony,  1910),  but  all  on  an  experi- 
mental scale.  Mass  production  in  quanti- 
ties sufficient  to  influence  the  yield  of  a 
fishery  still  remains  a  fish  culturist's 
dream.  Work  towards  this  end  began  at 
Lowestoft  in  1957,  the  main  aim  being  to 
develop  a  small-scale  technique  which 
could  guarantee  a  consistent  annual  target 
production  of  metamorphosed  plaice 
(Pleuronectes  platessa)  from  sea-spawned 
eggs.  By  1960,  up  to  10-percent  survival 
had  been  achieved  in  closed  circulation; 
this  was  increased  to  33  percent  during 
1961  in  open  circulation  at  Port  Erin,  Isle 
of  Man,  giving  survivor  densities  of  166 
fish  per  square  foot  of  tank  bottom. 

So  far,  our  technique  has  developed  in 
an  empirical  fashion — making  mistakes 
and  learning  to  avoid  them.  Now  that  a 
satisfactory  procedure  has  been  worked 
out,  it  will  be  possible  to  start  a  more  sys- 
tematic study  of  factors  affecting  larval 
survival,  with  a  reasonable  expectation  of 
positive  results.  This  information  will 
help  us  to  streamline  our  technique  and 
to  approach  the  problem  of  mass  produc- 
tion with  economy  of  effort.     Complete 
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technical  details  and  results  will  begin  to 
appear  in  the  Journal  du  Conseil  Perma- 
nent International  pour  l'Exploration  de 


la  Mer  during  1962.  This  paper  deals 
only  with  the  design  and  operation  of  our 
closed  and  open  sea-water  circulations. 


CLOSED  CIRCULATIONS  AT  LOWESTOFT 


The  50-gallon   system 

In  the  absence  of  running  sea  water  at 
Lowestoft,  we  were  obliged  to  start  fish- 
rearing  studies  in  static  conditions  and 
closed  circulations.  It  soon  became  evi- 
dent that  small  static  tanks  were  unsuit- 
able for  survival  beyond  the  early  larval 
stage.  By  1957,  a  closed  circulation  with 
limited  physicochemical  control  of  water 
conditions  had  been  designed.  It  incorpo- 
rated a  fundamental  principle  of  tropical- 
aquarium  technique — the  use  of  photo- 
synthesizing  plants  to  control  the  C02  con- 
centration and  stabilize  the  pH,  as  well 
as  to  remove  some  end  products  of  protein 
metabolism  and  to  add  oxygen. 

The  pH  can  be  regulated  by  chemical 
means — the  addition  of  lime,  for  instance 
(Cooper,  1932),  or  sodium  bicarbonate 
(Breder  and  Smith,  1932)— but  these 
methods  involve  changes  in  the  balance  of 
salts.  The  C02  may  also  be  removed  by 
vigorous  aeration  (Downing,  1958)  ;  cod 
larvae,  however,  are  known  to  be  harmed 
by  oxygen  supersaturation  (Henly,  1952). 
Nitrogenous  end  products  of  metabolism 
cannot  be  controlled  by  purely  chemical 
or  physical  means  without  affecting  the 
survival  of  fish  in  circuit. 

The  design  of  our  first  circulation  is 
shown  in  figure  1.  It  has  three  main  com- 
ponents: (a)  a  30-gallon  covered  reser- 
voir, (b)  a  covered,  temperature-con- 
trolled water  bath  housing  two  moulded- 
glass  tanks  (incubators)  each  of  8  gallons' 
operational  capacity,  and  (c)  a  polythene 
header  tank  containing  illuminated  fronds 
of  Enteromorpha  intestinal? s  attached  to 
stones.  A  small  centrifugal  pump  under 
the  control  of  a  mercury  float  switch  inter- 
mittently transfers  water  from  the  reser- 


voir to  the  header.  The  pump  volute  is 
best  constructed  from  stainless  steel  or 
high-density  polythene.  The  header  tank 
can  contain  any  sessile  green  alga  able  to 
withstand  lengthy  immersion  in  water  of 
high  salinity.  Fronds  and  substrate  must 
be  thoroughly  washed  to  remove  mud  and 
debris  before  use.  Tungsten  lighting  can 
be  used,  but  a  fluorescent  source  is  prefer- 
able because  it  produces  less  heat.  With 
flexible  switching  arrangements  and  a  lit- 
tle practice,  we  found  it  possible  to  adjust 
the  light  intensity  manually,  giving  a 
stable  pH  of  8.1  for  days  at  a  time. 

Sea  water  flows  by  gravity  from  the 
header  into  the  incubators  at  a  controlled 
rate  after  passing  through  a  nylon  mesh 
screen  to  hold  back  plant  debris.  In 
circulations  of  this  size,  a  drip  feed  of  4 
liters  per  hour  per  incubator  is  a  practical 
rate  of  flow  for  pelagic  eggs  and  larvae 
at  temperatures  up  to  10°  C.  The  opti- 
mum irrigation  rate  may  differ  from  spe- 
cies to  species ;  clumped  demersal  eggs  are 
likely  to  benefit  from  a  rapid  flow.  Slow 
rates  of  flow  can  be  adjusted  by  control- 
ling the  number  of  drops  falling  per  unit 
of  time  past  a  "window"  (perspex  tube) 
fitted  into  the  inlet  system,  whilst  periodic 
variations  in  dropping  rate  are  minimized 
by  setting  the  header  float  switch  to  op- 
erate within  narrow  changes  of  water 
level. 

Incubator  design  is  a  very  important 
factor.  Plaice  and  most  other  pelagic 
marine  fish  larvae  are  delicate  creatures, 
not  adapted  to  live  in  constant  contact 
with  surfaces.  Tanks  must  therefore  be 
simply  constructed,  with  smooth  internal 
surfaces  and  no  unnecessary  inclusions. 
Two  closely  apposed  surfaces  can  act  as 
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Figure  1. — Closed  sea-water  circulation  for  rearing  plaice :  50-gallon  capacity. 
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a  lethal  trap ;  crevices  in  tank  walls  are  a 
particular  menace — larvae  swim  into  them 
and  seem  unable  to  back  out.  One  incuba- 
tor inclusion  is  necessary,  however,  and 
that  is  some  sort  of  screen  to  prevent  eggs, 
larvae,  and  larval  food  from  being  flushed 
away.  The  outlet  system  shown  in  figure 
1  consists  of  a  submerged  vertical  poly- 
thene pipe,  corked  at  its  lower  end  and 
perforated  along  part  of  its  length.  The 
perforations  are  covered  by  155-meshes- 
per-inch  nylon  bag,  held  at  a  distance  by 
three  polythene  disks  surrounding  the 
pipe.  This  screen  is  connected  to  a  hori- 
zontal overflow  tube  passing  through  a 
watertight  seal  in  the  incubator  wall.  The 
nylon  mesh  is  fine  enough  to  retain 
Artemia  salina  nauplii,  a  convenient  and 
reliable  larval  food  organism.  Plaice 
larvae  are  visual  feeders;  tanks  require 
overhead  illumination  at  water  surface  in- 
tensities around  500  lux  during  "first 
feeding."  Later  on,  dimmer  lighting 
helps  to  depress  larval  activity  in  over- 
crowded conditions.  It  is  also  important 
to  black  out  the  walls  and  bottoms  of  feed- 
ing tanks,  since  food  organisms  are  more 
easily  seen  and  captured  by  early  feeders 
against  a  dark  background. 

To  regulate  water  temperature  in  warm 
surroundings,  incubators  are  immersed  in 
a  fresh- water  bath  cooled  by  a  copper  coil 
linked  to  a  thermostatically  controlled 
domestic  refrigerator  unit.  The  fresh 
water  can  be  slowly  circulated  around  the 
incubators  by  hard  aeration.  Vertical 
temperature  gradients  are  inevitable  in 
water-cooled  tanks  at  high  ambient  tem- 
peratures and  slow  irrigation  rates;  the 
agitation  required  to  break  them  down  is 
detrimental  to  delicate  fish  larvae.  Con- 
trolled air  temperature  systems  are  more 
efficient  than  water  baths.  A  slow  salinity 
increase  occurs  in  any  closed  circulation, 
owing  to  evaporation.  This  can  be  offset 
by  frequent  routine  additions  of  distilled 


water  to  the  reservoir.     Copper  distilla- 
tion is  not  recommended. 

In  retrospect,  the  following  improve- 
ments could  be  made  to  the  apparatus  as 
described : 

1.  A  substantial  increase  in  reservoir  volume. 

2.  Water-bath  cooling  replaced  by  air-tempera- 
ture control. 

3.  Automatic  pH  adjustment,  by  linking  a  pH 
meter  control  unit  to  a  variable  light  source 
above  the  header. 

4.  Automatic  salinity  adjustment,  by  coupling 
a  salinometer  and  control  to  a  solenoid  valve 
regulating  the  input  of  distilled  water  into  the 
reservoir. 

5.  A  glass-wool  filter  inserted  at  the  point 
where  the  common  outlet  pipe  discharges  into 
the  reservoir. 

6.  Bacterial  control  in  the  reservoir  by  means 
of  a  low-power  ultraviolet  unit  (see  later),  and 
in  the  incubators  by  occasional  dosing  with  anti- 
biotic mixtures. 

Results  were  encouraging,  even  without 
the  suggested  improvements.  They  dem- 
onstrated that  a  closed  circulation  could  be 
used  to  rear  plaice  from  the  egg  stage 
through  and  beyond  metamorphosis — a 
period  of  3  to  4  months — at  a  minimum 
ratio  of  1  survivor  per  2.5  liters  of  sea 
water. 

The  3,500-gallon   system 

Our  expanded  closed  circulation  (fig. 
2),  built  in  1959,  has  two  main  com- 
ponents; a  sunken  concrete  reservoir  (15 
by  10  by  4  feet)  and  an  adjacent  brick 
hatchery  (22  by  13  by  8  feet).  The  res- 
ervoir contains  roughly  2,500  gallons  of 
offshore  seawater.  Enteromorpha  is  once 
again  used  to  control  metabolites,  being 
submerged  at  a  depth  of  6  inches,  on  large 
trays  consisting  of  polythene  film  sewn 
to  a  wooden  framework  with  no  metal 
fastenings.  The  alga  receives  illumination 
at  night  from  fluorescent  tubes  arranged 
in  banks  of  four  above  the  trays.  Each 
bank  hangs  by  a  nylon  rope  and  pulley 
(permitting  vertical  adjustment)  from  a 
stout  timber  gallows  spanning  the  tank. 
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Figure  2. — Closed  sea-water  circulation  for  rearing  plaice :  3,500-gallon  capacity. 


A  greenhouse  covers  the  reservoir,  so  it 
receives  natural  lighting  during  the  day. 
Low-wattage  immersion  heating  panels, 
embedded  in  epoxy  resin  and  controlled  by 
floating  thermostats,  counteract  excessive 
cooling  of  reservoir  water  during  cold 
weather.  For  2  years  there  were  no  safe- 
guards against  rapidly  rising  water  tem- 
peratures in  spring  and  early  summer.  A 
separate  cooling  circulation  combined  with 
filtration  and  bacterial  control  was  instal- 
led in  1961  (fig.  3) .  Sea  water  is  pumped 
at  a  fast  rate  from  the  far  end  of  the  reser- 
voir into  three  plywood  boxes  irradiated 
with  ultraviolet  light.  After  treatment, 
water  overflows  out  of  the  boxes,  through 
glass-wool  filters,  into  three  100-gallon  as- 
bestos-cement tanks,  each  containing  two 
refrigeration  coils  made  up  from  50-foot 
lengths  of  3^-inch  steel  tubing.  All  six 
coils  are  connected  to  a  3-horsepower 
motor  and  compressor  controlled  by  a 
thermostat  in  the  reservoir.  Water  over- 
flows from  the  cooling  units  back  into  the 
main  tank. 


ULTRA   VIOLET 
LIGHT  ASSEMBLY 


COMPRESSOR 


Figure  3. — Reservoir  cooling  circulation  com- 
bined with  nitration  and  ultraviolet  irradia- 
tion. 
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A  small  electric  pump  operated  by  a 
mercury  float  switch  transfers  sea  water 
from  the  reservoir  to  a  header  tank  in  the 
hatchery.  From  there  it  is  gravity-fed  to 
nine  5-  by  2-  by  2-foot  black  polythene 
rearing  tanks  on  metal  stands.  Although 
much  bigger  than  the  glass  incubators 
shown  in  figure  1,  their  design  is  essen- 
tially the  same.  Water  returns  to  the 
reservoir  along  a  common  exhaust  tube. 
The  inside  of  the  hatchery  is  painted 
white ;  glass  "blisters"  in  the  hatchery  roof 
provide  overhead  illumination  during  the 
day,  augmented  by  four  80- watt  fluores- 
cent tubes.  Hatchery  air  temperature  is 
stabilized  by  heaters  in  cold  weather  and 
two  small  air  coolers  in  summer. 

Metal  surfaces  in  contact  with  sea  water 
must  be  kept  to  a  minimum;  among  the 
cheaper  metals  only  stainless  steel  is  safe. 
Metallic  fittings  are  best  coated  with  epoxy 
resin  to  prevent  corrosion  and  the  release 
of  harmful  ions ;  mild-steel  coils  treated  in 
this  manner  can  be  used  for  cooling  sea 
water  by  direct  immersion.  Filters  are 
necessary  to  check  undesirable  phyto- 
plankton  blooms  in  the  reservoir  and  to 
reduce  the  surfaces  available  for  bacterial 
attachment.  There  is  some  doubt  about 
the  efficiency  of  our  bactericidal  arrange- 
ments in  1961 ;  the  matter  is  discussed  in 
the  next  section. 

In  retrospect,  it  was  a  mistake  to  sep- 
arate hatchery  and  reservoir.  Both  com- 
ponents should  be  housed  in  the  same 
insulated  building  equipped  with  air-tem- 
perature control.  Sunken  concrete  reser- 
voirs can  be  replaced  by  fiberglass  tanks 
above  floor  level ;  direct  water-temperature 
control  systems  then  become  superfluous. 
Natural  lighting  may  be  an  advantage  for 
efficient  algal  photosynthesis,  and  could  be 
provided  by  double-glazed  panels  in  the 
roof.  Fluorescent  lighting  at  night  is  in 
this  case  preferable  to  tungsten,  on 
grounds  of  heat  production,  which  can  be 


further  minimized  by  siting  lamp-control 
gear  outside  the  building. 

Bacterial  control  in   closed  circulation 

Oppenheimer  (1955)  demonstrated  the 
possible  value  of  bacterial  control  by  anti- 
biotics in  marine  fish  hatcheries.  Walne 
(1958)  also  used  antibiotics  to  increase  the 
survival  rates  of  oyster  larvae  in  experi- 
mental tanks.  Bacterial  populations  are 
usually  higher  inshore  than  offshore  (Zo- 
Bell,  1946).  The  plaice  and  many  other 
sea  fishes  spawn  in  virtually  oceanic  waters 
with  a  low  bacterial  count,  In  the  rich 
organic  environment  of  a  closed  circula- 
tion the  bacteriological  problem  must  be 
greatly  magnified.  Even  at  low  incuba- 
tion temperatures  less  than  6°  C,  plaice 
egg  shells  become  covered  with  epiphytic 
bacteria,  a  condition  seldom  occurring  in 
the  sea.  The  effect  of  shell  contaminants 
on  final  survival  to  metamorphosis  has  not 
yet  been  systematically  assessed;  a  start 
is  to  be  made  during  the  spring  of  1962. 

Wood  (1961)  has  studied  the  use  of  ul- 
traviolet light  for  bacterial  control  in  sea- 
water  circulations,  and  our  system  is  based 
on  his  design.  Reservoir  sea  water  flows 
at  a  total  rate  of  300  gallons  an  hour 
through  three  plywood  boxes  lined  with 
epoxy  resin  (fig.  4).  Each  lid  contains 
two  15-watt  low-pressure  ultraviolet  tubes 
backed  by  an  aluminium  reflector.  Water 
enters  the  box  at  a  low  level  and  passes 
over  a  longitudinal  plywood  weir  before 
overflowing  into  the  filters.  We  were  un- 
able to  test  the  bactericidal  efficiency  of  the 
system  before  installation ;  an  opportunity 
to  do  so  occurred  later  on,  when  the  plaice- 
rearing  experiments  were  finished. 

A  supply  of  450  gallons  of  turbid  estu- 
ary water  in  a  concrete  tank  was  continu- 
ously pumped  through  two  of  our 
ultraviolet  boxes  at  a  fast  rate  of  520  gal- 
lons per  hour.  Water  samples  were  with- 
drawn at  frequent  intervals,  and  bacterial 
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Figure  4. — Design  of  ultraviolet  bactericidal  unit. 


populations  were  assessed  by  mixing  1-ml. 
volumes  with  ZoBell's  2216  medium  using 
the  standard  pour-plate  method.  Dupli- 
cate bacterial  counts  were  also  derived 
from  the  dropping  technique  of  Miles  and 
Misra  (1938) .  Even  at  a  flow  of  260  gal- 
lons per  hour  per  box,  water  leaving  the 
outlets  was  virtually  sterile  after  treat- 
ment. Within  6  hours,  the  originally 
high  bacterial  counts  characteristic  of  in- 
shore water  had  dropped  to  a  level  similar 
to  that  in  the  open  sea  ( fig.  5 ) .  The  treat- 
ment was  continued  overnight,  and  sam- 
pling resumed  the  following  morning. 
By  this  time  the  water  in  the  reservoir  was 
perfectly  clear  and  the  filters  were  caked 
with  estuarine  debris.  The  filter  bypass 
was  then  closed  and  the  whole  flow  was 
directed    through    the    ultraviolet    boxes 


alone.  Figure  5  demonstrates  (a)  the 
bacterial  efficiency  of  these  units  at  a  high 
rate  of  flow  and  (b)  the  recontaminating 
influence  of  dirty  filters  in  a  bypass 
circuit. 

The  hourly  flow  in  our  1961  plaice- 
rearing  circuit  was  only  one-tenth  of  the 
reservoir  volume.  Thus  the  bactericidal 
potential  of  the  system  was  not  fully  ex- 
ploited. In  addition,  the  filters  were  in- 
correctly sited — they  should  be  placed 
before  and  not  behind  the  source  of  ultra- 
violet radiation.  Given  rapid  water  turn- 
over, reservoir  bacteria  can  undoubtedly 
be  controlled  by  direct  irradiation.  How- 
ever, the  method  is  not  easily  applied  to 
bacterial  control  in  actual  rearing  tanks, 
where  periodic  dosing  with  antibiotics  may 
be  necessary,  at  least  during  the  egg  phase. 
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Figure  5. — Survival  curve  of  marine  bacteria  irradiated  in  closed  circulation.  Solid  line  indicates 
pour  plate  (1-ml.  water  samples  in  ZoBell's  2216  medium).  Dashed  line  indicates  Miles  and 
Misra  method  (1/50-ml.  drops  on  ZoBell's  medium).  Plates  incubated  at  25°  C.  for  24  hours. 
Mean  water  temperature  18°  C. 


OPEN  CIRCULATION  AT  PORT  ERIN,  ISLE  OF  MAN 


Metabolites  are  continually  removed  in 
open  circulation,  and  survivals  of  plaice 
larvae  are  correspondingly  higher.  A 
mean  survival  of  33  percent  was  achieved 
in  the  control  tanks  of  a  salinity  experi- 
ment at  Port  Erin  during  1961.  This  is 
several  times  greater  than  the  expected 
result  in  closed  circulation  at  Lowestoft, 
using  the  same  basic  tank  design  and 
handling  technique. 

Hatchery  sea  water  is  usually  of  the  in- 
shore variety:  certain  controls  are  still 
necessary.  For  instance  bacterial  control 
is  needed  either  in  the  main  reservoirs  or 
locally  at  the  point  of  flow  into  experi- 
mental tanks.  Filtration  is  also  impor- 
tant in  open  circulation  since  suspended 
particles  provide  a  "foothold"  for  sessile 


bacteria.  The  problem  of  temperature 
control  still  persists  with  diurnal  fluctua- 
tions in  the  coastal  environment;  salinity 
similarly  varies  according  to  rainfall  and 
local  runoff. 

Local  filtration  and  temperature  control 

A  simple  apparatus  to  continuously  fil- 
ter incoming  hatchery  sea  water,  and  to 
lower  its  temperature  before  delivery  into 
experimental  tanks,  is  shown  in  figure  6. 
It  consists  of  a  10-gallon  polythene  carboy 
fitted  with  a  high-level  overflow  pipe  and 
a  low-level  delivery  tube  leading  into 
an  insulated  40-gallon  asbestos-cement 
header  tank.  The  tank  contains  a  resin- 
coated  steel  cooling  coil  coupled  to  a  %" 
horsepower  refrigerator  unit  outside  the 
hatchery,  controlled  by  a  sensitive  thermo- 
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Figure  6. — Open-circulation  apparatus  providing  local  nitration  and  temperature  control. 


stat  in  the  header.  Hatchery  sea  water 
passes  into  the  carboy  through  two  layers 
of  fine- weave  toweling,  at  a  rate  slightly 
in  excess  of  experimental  requirements. 
The  filtered  overflow  runs  to  waste. 
Temperature-adjusted  water  leaving  the 
header  is  continually  replaced  by  filtered 
water  from  the  carboy.  Some  mechani- 
cal stirring  may  be  necessary  in  the  con- 
trol tank;  no  float  switches  or  ball  cocks 
are  required.  If  the  temperature  of  the 
incoming  seawater  is  lower  than  required, 
an  aquarium  heater  replaces  the  cooling 
coil.  Both  heater  and  cooling  coil  can  be 
used  to  counter  one  another  when  the 
temperature  of  the  incoming  supply  is 
very  variable.  In  practice,  the  unit  deliv- 
ered 30  gallons  per  hour  of  filtered  sea 
water  at  7°  C,  with  the  main  hatchery 
supply  standing  at  10°  C. 

The  horizontal  stippled  strip  below  the 
supporting  platform  of  the  header  tank  is 
a  sheet  of  expanded  polystyrene  insula- 
tion board,  stuck  on  the  underside.  It 
represents  a  not-too-necessary  refinement 


if  the  platform  is  of  thick  timber,  and 
could  be  eliminated  if  one  so  chooses.  The 
vertical  and  topside  stippling  similarly 
represents  the  insulating  sheath  of  the 
tank. 

Port  Erin  sea  water  is  relatively  clear, 
but  in  turbid  conditions  a  finer  filter  sys- 
tem will  be  needed,  with  an  increased  filtra- 
tion surface.  A  small- wattage  bactericid- 
al unit  can  easily  be  interposed  between  the 
filter  and  the  constant-level  carboy.  The 
pipeline  to  rearing  tanks,  and  the  tanks 
themselves,  must  be  insulated  if  hatchery 
air  temperature  is  uncontrolled.  An  ap- 
paratus of  this  sort  ran  for  3  months  dur- 
ing 1961  with  no  attention  other  than  a 
daily  change  of  filter. 

A  variable  salinity  apparatus  in  open  cir- 
culation 

Most  salinity  experiments  on  marine  fish 

eggs   and  larvae   have  been   confined  to 

testing  the  effect  of  extremes  on  short-term 

survival    in   static   conditions.     We    are 

more  interested   in  the  long-term   effect 
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of  slight  differences  in  salinity.  An  open 
circulation  is  essential,  since  accumulating 
metabolites  may  mask  a  salinity  effect. 
Figures  7  and  8  illustrate  an  experimental 
unit  successfully  used  in  1961. 

A  measured  amount  of  hatchery  sea 
water  is  filtered  through  toweling  into  a 
leached  asbestos- cement  reservoir  (100- 
gallon  capacity)  each  morning,  and  a  cal- 
culated volume  of  distilled  water  is  added 
to  give  a  desired  lower  salinity.  After 
thorough  mixing,  this  water  is  continuous- 
ly transferred  by  a  small  airlift  pump  into 
a  polythene  header  tank  above  the  reser- 
voir, at  a  rate  slightly  in  excess  of  incu- 
bator requirements.  A  delivery  manifold 
emerging  from  the  front  lower  face  of  the 
header,  conducts  water  at  an  equal  and 
steady  rate  of  4  liters  per  hour  into  each  of 
three  2-  by  1-  by  1-foot  glass  incubators. 
The  header  overflow  is  channelled  back 
into  the  reservoir.     This  arrangement  pro- 


vides a  constant  head  to  facilitate  delivery 
control. 

The  three  glass  incubators  have  the  same 
design  as  that  illustrated  in  figure  1. 
Their  sides  are  shrouded  in  close-fitting 
jackets  of  black  polythene  film.  The  inlets 
deliver  their  flow  below  the  water  surface ; 
each  perforated  outlet  pipe  has  a  vertical 
extension,  also  below  the  surface,  screened 
with  a  fine  nylon  mesh  bag  held  at  a  dis- 
tance from  the  pipe  by  three  polythene 
disks.  The  incubators  sit  side  by  side  in 
a  black  fiberglass  tank  through  which  sea 
water  slowly  circulates  from  the  main 
hatchery  supply.  This  water  bath  is  cal- 
culated to  limit  the  effect,  if  any,  of  diurnal 
variations  in  hatchery  air  temperature. 
The  outlet  (strictly  overflow)  pipes  of  the 
inner  glass  tanks  are  extended  through  the 
side  of  the  fiberglass  water  bath,  to  dis- 
charge into  a  common  drain  gutter.  The 
bath  has  a  plywood  cover,  treated  under- 
neath with  epoxy  resin,  and  painted  on 
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Figure  7. — Open-circulation  apparatus  designed  to  test  long-term  effect  of  salinity  variation  on  the 

survival  of  plaice  larvae:  front  view. 
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top.  Hinged  plywood  flaps  over  large 
rectangular  holes  in  the  cover  give  access 
to  the  inner  tanks.  These  flaps  are  pro- 
vided with  central  slits  covered  by  trans- 
lucent polythene  film,  for  admitting  light. 
A  prefabricated  steel  framework  carries  all 
components  other  than  the  reservoir,  which 
stands  on  the  floor,  partly  hidden  under 
the  water  bath. 

The  volume  of  salinity-adjusted  sea 
water  made  up  each  day  is  always  more 
than  that  required  for  24  hours'  irriga- 
tion. Kesidual  water  is  measured  the 
following  morning  with  a  dipstick,  and 
the  amount  of  distilled  water  in  the  mix- 
ture calculated.  Measured  volumes  of 
latchery  sea  water  and  distilled  water  are 
then  added  to  provide  the  next  24  hours' 
supply. 

By  this  method  it  is  possible  to  maintain 

a  continuous  flow  of  sea  water  adjusted  to 

a  salinity  below  that  of  hatchery  supply, 

:or  long  periods  of  time.     Adjustments 


the  other  way  can  be  made  by  adding  suit- 
able mixtures  of  salts.  The  experimental 
tanks  are  buffered  against  air  tempera- 
ture variation  only.  Stricter  temperature 
standards  would  require  a  hatchery  air- 
conditioning  plant ;  alternatively,  the  wa- 
ter bath  could  be  made  part  of  an  auxili- 
ary closed  fresh- water  circulation  with  im- 
mersion heating  or  cooling.  These  triple 
tank  units  are  virtually  self-contained  and 
can  be  used  in  replicate  to  test  any  long- 
term  chemical  effect  on  larval  survival, 
without  running  the  risks  inherent  in  a 
static  system. 

All  the  closed  and  open  circulations  de- 
scribed in  this  paper  have  been  successfully 
used  to  rear  plaice  larvae.  Technical  de- 
tails such  as  optimum  temperatures,  light, 
salinity,  pH,  flow  rate,  and  diet  will  vary 
from  species  to  species,  but  these  basic  de- 
signs are  recommended  as  a  starting  point 
in  the  experimental  study  of  hatchery  re- 
quirements for  all  marine  fish  with  pelagic 
eggs. 
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Figure  8. — Open-circulation  apparatus  designed  to  test  long-term  effect  of  salinity  variation  on  the 
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712-029  O — 64 7 


92 


J.    E.    SHELBURNE 

SUMMARY 


Hatcheries  were  built  in  America  and 
Europe  at  the  turn  of  the  nineteenth  cen- 
tury to  rehabilitate  depleted  sea  fisheries 
by  artificial  propagation.  They  fell  into 
disuse  mainly  as  a  result  of  ill-developed 
techniques.  Marine  fish  are  difficult  to 
rear  beyond  the  tender  larval  stages,  even 
on  a  small  scale,  but  a  plaice-rearing  tech- 
nique has  been  empirically  evolved  at 
Lowestoft  giving  up  to  10-percent  survival 
from  egg  to  metamorphosis  in  closed  cir- 
culation.  Two  temperature-controlled  sea- 


water  systems  are  described,  both  using 
illuminated  green  algae  for  metabolite  reg- 
ulation, and  one  having  some  degree  of 
bacterial  control  by  ultraviolet  light. 

Survival  is  better  in  open  circulation, 
where  the  metabolite  problem  is  mini- 
mized. A  system  for  providing  a  con- 
tinuous flow  of  filtered  and  temperature- 
adjusted  sea  water  is  described,  together 
with  an  apparatus  for  conducting  long- 
term  experiments  on  chemical  factors  af- 
fecting larval  survival. 
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A  WORKING  BIBLIOGRAPHY  ON  REARING  LARVAL 
MARINE  FISHES  IN  THE  LABORATORY 

By  James  W.  Atz,  Curator 

New  York  Aquarium,  New  York  Zoological  Society,  Brooklyn,  N.Y. 

Abstract. — The  literature  available  on  bibliographic  resources  on  rearing  larval  marine 
fishes  in  laboratory  aquariums  is  reviewed  critically  ;  the  list  of  references  papers  of  special 
interest  are  designated.     A  list  of  marine  teleost  fishes  reared  in  captivity  is  included. 


It  has  been  said  that  God  made  an  ani- 
mal to  solve  every  problem  in  physiology 
and  that  the  principal  task  of  the  experi- 
menter is  to  find  the  species  most  suited  to 
his  needs.  Although  this  statement  con- 
tains a  greater  element  of  faith  than  even 
those  who  would  never  use  it  impiously 
might  realize,  the  number  of  different  lab- 
oratory animals  available  to  the  experi- 
mental biologist  has  continued  to  increase 
over  the  years  along  with  the  increase  in 
number  and  variety  of  experiments. 

As     experimental     animals,     however, 
fishes  have  lagged  behind  the  members  of 
the  other  vertebrate  classes,  and  only  a 
minuscule  fraction  of  the  estimated  15  to 
40  thousand  species  has  found  its  way  into 
the    laboratory.      The   relatively    remote 
phylogenetic  position  of  the  fishes  and  a 
few  of  their  specific  attributes,  such  as 
smallness  of  cells,  have  made  them  un- 
popular, but  the  principal  obstacle  to  a 
tnore  widespread  use  of  fishes  as  labora- 
ory  animals  is  their  limited  ability  to 
naintain  homeostasis,  which  makes  them 
lelicate  experimental  subjects  and  estab- 
ishes  quite  rigid  requirements  for  their 
uccessful  maintenance  in  captivity.    This 
las  been  particularly  true  of  the  marine 
species,  which  are  generally  much  more 
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stenokous  than  those  inhabiting  fresh  or 
brackish  waters.  Moreover,  the  limita- 
tions imposed  by  the  inherent  stenoky  of 
marine  fishes  are  aggravated  by  the  diffi- 
culty of  establishing  a  stable  environment 
in  salt-water  aquariums. 

The  same  factors  have  impeded  the  do- 
mestication of  fishes;  no  marine  species 
has  yet  been  domesticated,  principally  be- 
cause no  salt-water  fish  can  be  bred  gen- 
eration after  generation  in  captivity  (Atz 
and  Pickford,  1959).  Domestication  is 
not  necessarily  a  prerequisite  for  even  ex- 
tensive use  in  the  laboratory — witness 
those  laboratory  favorites,  the  true  frogs 
{Rana  spp.)  and  the  mummichog  (Fund- 
ulus  heteroclitus) — but  all  domesticated 
animals  are,  of  course,  available  to  the  ex- 
perimentalist as,  for  example,  are  rain- 
bow trout  (Salmo  gairdnerii),  carp 
(Cyprinus  carpio),  guppy  (Poecilia  reti- 
culata), and  Siamese  fighting  fish  (Betta 
splendent).  There  would  be  an  immedi- 
ately realized  monetary  advantage  in 
spawning  and  rearing  the  milkfish 
(Ohanos  chanos)  and  mullet  (Mugil  ceph- 
alus)  for  pondfish  culture,  but  the  poten- 
tial value  of  being  able  to  study  under 
controlled  conditions  all  phases  of  the  life 
histories  of  the  marine  fishes  that  will  soon 
provide  the  bulk  of  man's  animal  protein 
food  is  inestimable. 
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About  50  years  ago,  artificial  fertiliza- 
tion and  incubation  of  the  eggs  of  marine 
food  fishes  were  carried  out  on  a  large 
scale  in  order  to  replenish  defining  natural 
stocks  (e.g.  see  papers  presented  at  the 
Fourth  International  Fishery  Congress, 
Washington,  1908,  which  were  published 
in  1910  in  vol.  28  of  the  Bulletin  of  the 
U.  S .  Bureau  of  Fisheries ) .  A  critical  look 
at  the  biostatistics  involved  (e.g.  by 
Breder,  1922)  demonstrated  the  useless- 
ness  of  the  procedure,  which  was  even- 
tually abandoned.  Little  systematic  effort 
was  made  to  rear  the  fish,  since  they  were 
released  or  planted  shortly  after  hatching, 
and  Morris  (1956)  found  that  few  data 
helpful  for  laboratory  culture  had  been 
recorded. 

Hertling  (1932)  and  Morris  (1956)  give 
accounts  of  some  of  the  early  attempts  to 
rear  marine  fishes  from  the  egg.  Much 
of  the  difficulty  encountered  was  referred 
to  the  so-called  critical  period,  when  the 
larva,  having  used  up  its  yolk  supply,  be- 
comes dependent  on  other,  external  sources 
of  food.  While  recognizing  the  radical 
nature  of  this  vital  change  in  larval  nutri- 
tion, Morris  makes  it  clear  that  in  some 
species  this  is  not  an  especially  critical  pe- 
riod, in  the  sense  that  no  greater  mortality 
is  suffered  at  the  time  of  the  change. 
Marr  (1956)  reviews  the  evidence  for  a 
critical  period  in  nature  and  concludes 
that  it  is  not  well  demonstrated.  Well 
taken  is  the  point  made  by  Morris  that 
until  the  sensitivity  of  any  given  species 
has  been  determined,  "the  situation  can  be 
considered  critical  from  the  time  of  fer- 
tilization until  organogenesis  is  com- 
pleted." 

Because  of  the  rigid  requirements  of  the 
eggs  and  larvae  of  marine  fishes,  data  de- 
limiting their  tolerance  of  environmental 
factors  and  establishing  optima  should  be 
especially  useful.  The  series  of  papers  by 
Bishai  (1960a, 1960b, 1960c,  1961a,  1961b) , 
supplemented  by  Holliday   and  Blaxter 


(1960)  and  Blaxter  (1960),  provides  a 
convenient  and  comprehensive  summar}^ 
of  this  autecological  approach.  A  point 
to  be  remembered,  however,  is  that  the  lim- 
its of  tolerance  of  eggs  and  larvae  for  con- 
ditions in  captivity  are  often  less  than 
those  exhibited  in  the  wild,  probably  be- 
cause of  the  generally  suboptimal  artificial 
environment.  Moreover,  not  all  of  the 
environmental  factors  affecting  fish  larvae 
in  nature  have  been  studied.  For  example, 
attention  has  recently  been  directed  to  pos- 
sible lethal  effects  of  light  (Perlmutter, 
1961),  and  this  element  should  be  given 
consideration  by  the  experimentalist. 

The  extreme  sensitivity  of  fish  larvae  in 
general,  and  of  those  of  marine  species  in 
particular,  to  substances  in  the  water  sur- 
rounding them  is  well  recognized.  Con- 
tainers made  of  chemically  inert  materials 
such  as  glass  and  certain  plastics  must  be 
used,  preferably  those  that  have  never 
been  in  contact  with  formaldehyde,  clean- 
ing solution,  and  the  like  (Morris,  1956; 
Costello  et  al.,  1957).  It  is  now  feasible 
to  construct  a  small  yet  efficient  circula- 
tory system  entirely  of  nonmetallic  ma- 
terials— a  vital  piece  of  laboratory  equip- 
ment that  remained  an  impractical  ideal 
for  many  years.  A  satisfactory  formula 
for  artificial  sea  water  in  which  fish  larvae 
have  thrived  has  yet  to  be  developed,  while 
MacGinitie  (1947)  has  pointed  out  that 
natural  sea  water  "rots  on  standing,  and 
the  resulting  chemical  and  pH  changes  are 
lethal,  particularly  to  larval  forms." 
These  changes  are  undoubtedly  the  result 
of  the  tremendous  multiplication  of  bac- 
teria in  stored  sea  water ;  they  may  be  con- 
trolled with  antibiotics  (Oppenheimer, 
1955;  Marshall  and  Orr,  1958;  Rustad, 
1960;  Shelbourne,  1963a)  or  ultraviolet 
radiation  (Wood,  1961;  Herald  et  al., 
1962),  but  cleanliness,  aeration,  filtration, 
and  storage  in  the  dark  remain  the  princi- 
pal means  of  maintaining  sea  water  in  a  j 
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satisfactory  condition.  Since  eggs  and 
larvae  are  sensitive  to  metabolic  wastes — 
ammonia  and  perhaps  other  substances — 
crowding  is  to  be  avoided. 

One  of  the  knottiest  problems  in  raising 
marine  fishes  concerns  their  nutrition. 
Morris  (1955,  1956),  Qasim  (1959),  and 
Hirano  (1963)  experimented  with  various 
foods  and  determined  that  one  of  the  most 
successful  was  newly  hatched  brine  shrimp 
(Artemia  salina).  A  general  account  of 
this  phyllopod  crustacean  and  its  use  may 
be  found  in  Dempster  (1953).  The  San 
Francisco  Aquarium  Society  and  the  Cali- 
fornia Academy  of  Sciences  are  sponsor- 
ing the  publication  of  a  comprehensive 
bibliography  on  Artemia,  which  should  be 
published  by  the  Society  during  1964. 
The  compendium  edited  by  Needham  et  al. 
(1937)  contains  a  section  devoted  to  salt- 
water aquariums  as  well  as  instructions  on 
rearing  several  kinds  of  marine  inverte- 
brates. 

MARINE  TELEOST  FISHES  REARED  IN 
CAPTIVITY 

A  summary  of  marine  teleost  fishes 
which  have  been  successfully  reared  in 
captivity  from  the  egg  is  given  in  the  fol- 
lowing list : 

Family  Clupeidae : 

Atlantic  herring,  Clapea  harengus  harengus 
Linnaeus.  [Kotthaus,  1939 ;  Soleim,  1950 ; 
Dannevig  and  Dannevig,  1950;  Dannevig 
and  Hansen,  1952;  Blaxter  and  Hempel, 
1961a,  1961b;  Bishai,  1961c;  Blaxter, 
1962.] 
Family  Gadidae : 

Atlantic     cod,     Gadus     morhua     Linnaeus. 
[Burd    and    Jones,    1948;    Dannevig    and 
Dannevig,    1950;    Dannevig   and  Hansen, 
1952;  Dannevig,  1963;  Wise,  1963.] 
Family  Gasterosteidae : 

Threespine    stickleback,    Gasterosteus    acu- 

ileatus   Linnaeus.     [Leiner,    1934;    Heuts, 
1947.] 
Family  Aulorhynchidae : 
Tube-snout,     Aulorhynchus     flavidus     Gill. 
[Morris,  1956.] 


Family  Syngnathidae : 

Spotted     seahorse,     Hippocampus     erectus 
Perry.     [Herald     and     Rakowicz,     1951 ; 
Simpson,  1957.] 
Dwarf  seahorse,  Hippocampus  zosterae  Jor- 
dan and  Gilbert.     [Strawn,   1954,   1958.] 
Family  Sparidae : 

Black  porgy,  Milio  macrocephalus  (Basilew- 
sky).     [Kasahara  et  al.,  I960.] 
Family  Embiotocidae : 

Barred  surfperch,   Amphistichus   argenteus 

Agassiz.     [Triplett,  I960.] 
Shiner  perch,  Cymatogaster  aggregata  Gib- 
bons.    [Triplett,  I960.] 
Family  Scombridae : 

Black  skipjack,  Euthynnus   lineatus   Kish- 
inouye.     [Clemens,  1956.] 
Family  Cottidae : 

Bald   sculpin,    Clinocottus   recalvus    (Gree- 
ley).    [Morris,  1956.] 
Fluffy  sculpin,  Oligocottus  snyderi  Greeley. 
[Morris,  1956.] 
Family  Blenniidae : 

Butterfly    blenny,    Blennius    ocellaris    Lin- 
naeus.    [Garstang,  1900.] 
Shanny,  Blennius  pholis  Linnaeus.     [Qasim, 
1955,  1959.] 
Family  Pholidae : 

Rock  gunnel,  Pholis  gunnellus  (Linnaeus). 
[Qasim,  1955, 1959.] 
Family  Atherinidae : 

Atlantic  silverside,  Menidia  menidia   (Lin- 
naeus).    [Rubinoff,  1958.] 
Topsmelt,  Atherinops  affinis  (Ayres).     [Mc- 

Hugh  and  Walker,  1948.] 
Jacksmelt,    Atherinopsis   calif  or  niensis   Gi- 

rard.     [Morris,  1956.] 
California      grunion,      Leuresthes      tenuis 
(Ayres).     [McHugh    and    Walker,    1948; 
Morris,  1956.] 
Family  Bothidae : 

Turbot,  Scophthalmus  rhomous  (Linnaeus). 
[Anthony,  1910.] 
Family  Pleuronectidae : 

Plaice,  Pleuronectes  platessa  Linnaeus. 
[Rollefsen,  1939;  Dannevig  and  Dannevig, 
1950;  Dannevig  and  Hansen,  1952;  Shel- 
bourne,  1956,  1963a,  1963b ;  Rustad,  1960 ; 
Shelbourne,  Riley  and  Thacker,  1963; 
Riley  and  Thacker,  1963.] 
Lemon  sole,  Microstomus  Jcitt  (Walbaum). 
[Dannevig  and  Dannevig,  1950.] 
Family  Soleidae: 

Sole,    Solea   solea    (Linnaeus).     [Dannevig 
and  Dannevig,  1950.] 


98 


JAMES    W.    ATZ 


Family  Tetraodontidae : 

Puffer,     Fugu     partialis      (Timminck     and 
Schlegel ) .     [  Shojima,  1957.  ] 
Family  Batrachoididae : 

Oyster  toadfish,  Opsanus  tau  (Linnaeus). 
[Straughan,  1957;  Tracy,  1959;  Dovel, 
I960.] 

From  this  list  it  can  be  seen  that  less 
than  30  species  of  marine  teleosts  have 
ever  been  reared  in  captivity  from  the  egg. 
The  few  successes  achieved  can  be  attrib- 
uted, in  general,  to  two  causes.  The  first 
concerns  those  economically  important 
species  on  which  it  has  been  worthwhile  to 
spend  a  good  deal  of  time  and  effort  (At- 
lantic herring,  Atlantic  cod,  and  the  flat- 
fishes) ,  and  the  second  those  species  with 
well-developed  hatchlings  or  with  special 
means  of  parental  care,  either  of  which 
might  be  considered  to  preadapt  them  to 
successful  reproduction  in  the  laboratory 
(sticklebacks,  tube-snouts,  seahorses,  ath- 
erinids,  surf  perches,  and  toadfishes).  We 
were  surprised  not  to  find  any  papers 
that  describe  the  raising  of  Fundulus  het- 
eroclitus  or  some  other  marine  cyprino- 
dont  in  captivity,  because  members  of  the 
family  Cyprinodontidae  would  seem  to  be 
eminently  suitable  for  this  kind  of  labora- 
tory life.  The  eggs  of  the  mummichog  are 
easy  to  obtain  and  hatch  (Gabriel,  1944; 
Costello  et  al.,  1957),  and  the  young  have 
been  raised  to  adulthood  with  simple 
equipment  and  relatively  little  effort  (Al- 
fred Perlmutter,  New  York  University, 
personal  communication).  We  have  also 
seen  sheepshead  minnows  {Cyprinodon 
variegatus)  hatch  from  eggs  laid  in  one 
of  our  exhibition  aquariums  and  grow  to 
near  maturity  with  no  special  care  what- 
soever. 

The  work  of  Triplett  (1960)  indicates 
the  possibility  of  culturing  the  young  of 
the  viviparous  surfperches  throughout  the 
period  of  embryonic  development,  which 
would  normally  be  spent  within  the 
ovary— just  as  that  of  Trinkaus  and  Drake 
(1952)  had  previously  shown  for  the  well- 


known  poeciliid,  the  guppy.  Perhaps  sim- 
ilar techniques  could  be  applied  to  the 
other  types  of  livebearing  marine  fishes, 
i.e.,  the  Clinidae  (kelpfishes),  Zoarcidae 
(eelpouts),  and  Brotulidae  (brotulas). 
Those  scorpionfishes  and  rockfishes  of  the 
family  Scorpaenidae  that  bring  forth  liv- 
ing young  are  truly  ovoviviparous,  how- 
ever, and  their  newborn  young  are  no  fur- 
ther developed  than  those  of  the  scorpae- 
nids  that  lay  eggs;  indeed,  Morris  (1956) 
was  unable  to  carry  newly  born  Sebastodes 
goodei  to  metamorphosis.  A  priori,  it 
would  seem  that  the  best  chance  for  suc- 
cess would  be  with  a  form  lying  some- 
where between  the  extremes  of  true  ovo- 
viviparity  and  viviparity,  since  the  latter 
would  involve  placentalike  structures  and 
almost  complete  dependence  of  offspring 
on  mother  for  nutrition,  for  which  it 
might  be  as  difficult  to  find  an  adequate 
substitute  as  it  has  been  in  the  mammals. 
The  elasmobranchs  run  a  similar  gamut 
from  ovoviviparity  to  viviparity,  but  no 
attempts  to  grow  in  vitro  the  embryos  of 
sharks,  dogfishes,  rays,  sawfishes,  or  gui- 
tarfishes  seem  to  have  been  recorded.  On  I 
the  other  hand,  the  large  eggs  of  the  ovip- 
arous sharks  and  skates  have  proved  ex- 
cellent experimental  subjects  (Vivien, 
1941,  1954). 

Whether  the  eggs  and  young  of  the  ma- 
rine fishes  that  practice  oral  incubation  I 
would  be  especially  suited  for  laboratory 
culture  is  a  pertinent  question.  Shaw  and  I 
Aronson  (1954)  and  Shaw  (1957)  have 
shown  that  the  eggs  and  young  of  one  of 
the  fresh-water,  mouth-breeding  cichlids 
can  be  cultured  outside  the  parent's  mouth 
There  appears  to  be  no  reason  why  similar 
techniques  would  not  work  with  the  sea 
catfishes  (family  Ariidae),  although  there 
might  be  a  problem  in  feeding  the  young 
fish,  which  are  known  to  ingest  food  dur- 
ing the  latter  part  of  the  2-month  period 
spent  in  the  father's  mouth.  In  the  cardi- 
nalfishes  (family  Apogonidae)   and  jaw- 
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fishes  (family  Opisthognathidae),  how- 
ever, the  spawn  is  held  together  in  a  single 
mass,  and  in  the  former  group  at  least,  the 
young  are  not  incubated  and  hatch  at  an 
unadvanced  stage. 

The  following  bibliography  makes  no 


claim  to  completeness,  but  it  will  serve  to 
introduce  the  investigator  to  a  scattered 
literature.  Those  items  indicated  by  an 
asterisk  contain  information  of  general 
interest  and  should  be  consulted  no  matter 
what  species  is  to  be  investigated. 
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ESTUARINE  WATER  SYSTEMS 
AT  SOLOMONS,  MARYLAND 

By  David  G.  Cargo 

Natural  Resources  Institute  of  the  University  of  Maryland,  Solomons,  Md. 

Abstract. — The  novel  features  of  two  salt-water  systems  at  Solomons,  Md.,  are  dis- 
cussed. Details  of  the  straight-through  rising-pipe  supply  system,  progressing  cavity 
pumps,  constant-head  trough  distribution  system,  and  tank  arrangements  are  included. 
Drawings  of  these  and  other  associated  details  are  set  forth  along  with  a  brief  evalua- 
tion of  the  two  systems  and  the  maintenance  schedule  employed.  A  list  of  sources  of 
equipment  is  included. 


The  sea-water  systems  at  the  Chesa- 
peake Biological  Laboratory  might  be 
more  aptly  termed  estuarine-water  sys- 
tems. At  this  laboratory,  approximately 
halfway  between  ocean  and  fresh  water, 
the  problems  and  advantages  of  each  situ- 
ation are  present  in  addition  to  circum- 
stances peculiar  to  a  brackish- water 
environment.  Long-term  average  values 
of  daily  salinity  show  a  seasonal  range 
from  9.9  to  16.9  parts  per  thousand.  Sim- 
ilar temperature  values  range  from  2.7° 
to  27.8°  C. 

Our  primary  aim  is  to  provide  an  estu- 
arine  habitat  of  limited  scope  which  can 
be  observed  and,  to  some  extent,  controlled 
so  that  laboratory  experiments  can  be 
performed  on  a  continuous  basis.  While 
bringing  this  habitat  into  the  laboratory, 
every  effort  was  made  to  avoid  changing 
the  chemical  or  physical  character  of  the 
water.  We  envisioned  such  facilities  for 
use  in  live  storage  or  holding  of  experi- 
mental animals,  in  hatching  and  raising 
marine  organisms,  in  studying  ecological 
responses  of  various  organisms  to  con- 
trolled  and   varying   conditions,   and   in 
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short -term  educational  display.  Our  suc- 
cess in  providing  systems  capable  of  an- 
swering all  of  these  needs  and  aims  is  yet 
to  be  determined. 

The  sea-water  systems  in  current  use  at 
Solomons  are  of  recent  origin.  Since  ex- 
perienced professional  advice  was  un- 
available to  us,  much  of  our  design 
embodies  ideas  and  suggestions  oontribu- 
uted  by  scientists  at  this  and  at  other  simi- 
lar marine  laboratories.  There  are  two 
complete  and  separate  sea-water  systems. 
The  first  system  has  been  in  use  about  3 
years  and  is  installed  at  a  research  stor- 
age building  and,  although  simple,  is 
proving  an  extremely  useful  and  reliable 
arrangement.  This  system  will  be  re- 
ferred to  as  the  "wharf  system."  The  sec- 
ond more  recent  and  much  more  sophisti- 
cated system  is  located  at  the  main  re- 
search building  and  has  been  in  operation 
for  about  a  year  and  a  half.  It  is  still  too 
early  to  provide  an  overall  evaluation  of 
its  potentialities. 

There  are  several  features  embodied  in 
both  of  these  systems  which  may  be  of  in- 
terest. These  contribute  in  various  ways 
to  make  the  system  work  better.  In  some 
cases,  a  simplification  resulted;  in  others, 
the  modifications  made  the  system  more 
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complex.  Although  final  evaluation  is  not 
yet  possible,  we  feel  that  the  general  result 
of  our  efforts  has  been  encouraging. 

I  am  indebted  to  many  persons  of  this 
and  other  institutions  who  have  assisted  us 
in  various  ways  during  the  designing  and 
installation  of  these  systems.  Particular 
credit  is  due  Dr.  L.  E.  Cronin,  Director  of 
the  Natural  Kesources  Institute,  for  his 
efforts  and  perseverance  in  planning  for 
this  invaluable  and  necessary  tool  for 
research. 

THE  WHARF  SYSTEM 

The  wharf  system  is  a  simple,  straight- 
through  system  utilizing  plastic  piping 
and  a  hard-rubber  centrifugal  pump. 
Flowing  at  80  gallons  per  minute,  the 
water,  after  passing  through  the  pump, 
flows  up  a  continuously  rising  supply  pipe 
provided  with  petcocks  at  frequent  inter- 
vals. This  rising  supply  was  designed  to 
insure  that  the  pipe  remains  full  despite 
the  level  of  use.  This  feature  has  been 
found  to  be  very  efficient  (fig.  1). 

The  rather  rapid  flow  through  the  sys- 
tem forced  us  to  provide  the  terminus  with 
a  throttling-type  valve  to  provide  in- 
creased pressure  when  needed.  This  valve 
was  required  because,  when  a  petcock  was 
opened,  the  rapid  flow  aspirated  air  into 
the  system  instead  of  allowing  water  to 
flow  from  the  petcock.  This  valve  induces 
sufficient  back  pressure  to  overcome  this 
aspiratory  tendency.  We  feel  that  this 
valve  is  a  necessary  component. 


We  have  found  that  this  system  remains 
virtually  free  of  internal  fouling  of  all 
types  except  bacterial.  During  the  warm 
parts  of  the  year,  external  fouling  requires 
a  cleaning  of  the  foot  valve  and  strainer 
every  10  days  to  2  weeks.  During  the 
colder  periods  of  the  year,  this  schedule 
may  be  extended  considerably.  Our  treat- 
ment involves  raising  the  intake  head  and 
scraping  and  scrubbing  the  external  foul- 
ing. We  then  drain  the  line  and  flush  it 
thoroughly  with  hot  (130°  to  150°  F.) 
fresh  water.  This  hot  water  is  allowed 
to  remain  in  the  line  until  it  has  cooled 
(about  2  hours) .  The  fresh  water  is  then 
pumped  out  after  the  head  has  been  re- 
turned to  the  normal  pumping  position  in 
the  water.  This  schedule  has  been 
markedly  satisfactory  throughout  the  3 
years  of  operation.  Occasionally,  the 
motor  of  the  pump  is  greased  sparingly. 
The  pump  has  required  no  maintenance 
or  lubrication  since  installation. 

The  main  features  of  this  system  are  in- 
stalled in  a  special  room  which  has  been 
designed  for  the  handling  of  samples — 
washing,  sorting,  holding,  etc.  Incor- 
porated in  the  construction  of  the  building 
are  underfloor  drains,  and  future  expan- 
sion of  the  utility  is  provided  by  pipe  car- 
riers extended  to  the  outside  of  the  walls 
so  that  this  same  system  can  be  used  to 
supply  outside  tanks  if  needed  at  some 
future  date. 


discharge 
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Figure  1. — Wharf  system. 
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THE  MAIN  SYSTEM 

The  main  laboratory  research  building, 
about  an  eighth  of  a  mile  from  the  wharf 
site,  is  now  supplied  with  sea  water  by  a 
dual  supply  and  pump  system.  The 
pumps  are  Moyno  progressing  cavity  units 
manufactured  by  Robbins  and  Meyers. 
These  were  chosen  in  an  effort  to  provide 
an  adequate  volume  of  water  with  a  mini- 
mum of  change  in  pressure  and  turbulence. 
No  metal  comes  in  contact  with  the  inflow- 
ing water,  and  the  pumps  were  specially 
modified  to  this  end.  Each  is  powered  by 
a  3-horsepower,  230-volt  motor,  1750  rpm. 
The  double  V-belt  drive  reduces  the  pump 
speed  to  about  800  rpm. 

The  stators  of  these  pumps  are  rubber. 
The  rotors,  usually  made  of  stainless  steel, 
are  molded  of  polyurethane.  The  pumps 
are  further  modified  by  the  fabrication  of 
several  other  parts  of  nylon  instead  of 


stainless  steel  and  by  coatings  of  polyvinyl 
chloride.  The  pumps  act  to  entrap  succes- 
sive small  volumes  of  water  and  push  them 
through  the  pump  with  a  minimum  of  tur- 
bulence, agitation,  or  pulsation.  Since  the 
entire  system  is  guarded  against  toxicity 
from  metal  and  is  capable  of  providing  a 
large  volume  of  water  at  a  relatively  low 
pressure,  we  expect  to  be  able  to  conduct 
a  wider  range  of  experiments  under  con- 
ditions which  compare  favorably  with 
those  in  the  estuary. 

Our  distribution  system  in  the  aquarium 
room  consists  of  a  boxlike  trough,  sus- 
pended from  the  ceiling  joists  on  brass 
rods.  This  trough  (figs.  3  and  4)  is  made 
of  cypress  and  is  coated  on  the  inside  with 
an  epoxy-base  clear  sealer.  The  divider 
strip,  running  longitudinally  in  the  trough, 
allows  a  2- way  flow  in  the  trough.  The 
primary  aim  of  this  trough  is  to  combine  a 


Figure  2. — Pumproom  detail. 
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Figure  3.— Trough  detail. 
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Figure  4. — View  of  overhead  trough  showing  petcocks. 
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simple  distribution  system  with  a  constant- 
head  supply  so  that  the  control  of  the  vari- 
ous taps  is  not  as  critical  as  it  would  be  if 
it  were  a  closed,  pressure-type  system. 
For  distribution  to  the  tanks,  an  under- 


sized hole  is  bored  in  the  bottom  of  the 
trough,  a  tap  is  run  through  the  hole,  and 
a  hard-rubber  petcock  is  threaded  into  the 
hole.  Our  original  design  included  weirs 
at  several  places  (fig.  5)  which  were  de- 


Figube  5. — Plan  of  distribution  trough. 


signed  to  maintain  a  level  in  the  trough. 
Actually,  only  the  weir  at  the  discharge 
box  is  required ;  the  remainder  have  been 
removed. 

In  use,  the  trough  has  required  a  regular 
scraping  and  removal  of  the  accumulated 
fouling.  Fortunately,  most  of  this  foul- 
ing occurs  in  the  first  one-quarter  of  the 
path  that  the  incoming  water  travels.  Ac- 
cess to  the  trough  from  the  second  floor  of 
the  research  building  is  provided  by  a 
wooden  plank  embedded  in  the  concrete 
floor.  Thus,  the  boring  of  an  access  hole 
is  an  easy  matter. 


The  aquarium  tanks,  shown  in  some  de- 
tail in  figures  6  and  7,  have  proved  very 
successful.  The  stainless-steel  bolts  can 
be  covered  with  a  synthetic-rubber  com- 
pound. The  condensation  on  the  inner 
walls  has  not  proved  bothersome ;  however, 
some  leakage  has  been  experienced  so  that 
the  groove  for  carrying  off  condensation 
has  seen  considerable  use.  The  problem 
of  adequately  sealing  the  glass  to  the  con- 
crete has  not  been  completely  solved,  but 
we  have  not  considered  the  slight  leakage 
worth  the  effort  of  resealing  these  places. 

Several  other  features  of  the  tanks  merit 
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Figure  6. — Detail  of  aquarium  construction. 


pecial  attention.  The  heavy  pipe  sup- 
ports (fig.  7)  are  of  double-strength  pipe, 
fabricated  into  one  welded  framework  and 
galvanized.  These  supports  are  designed 
:o  serve  as  a  base  for  other  aquariums  or 
banks,  cooling  and  heating  equipment,  and 
nonitoring  and  controlling  components. 
They  are  heavy  enough  to  support  a  vol- 
ime  of  water  comparable  to  the  tank  be- 


low. Although  not  obvious  in  the  photo- 
graph, the  glass  partitions  between  the 
tanks  are  held  in  place  with  replaceable 
packing  and  are  removable.  This  feature 
permits  us  to  expand  the  size  and  utility 
of  these  tanks.  We  have  employed  3-inch 
standpipes  of  PVC  plastic  in  these  tanks 
which  allows  us  to  adjust,  through  the  use 
of  plastic  pipe  plugs,  the  height  of  the 
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Figure  7. — General  view  of  aquariums. 


water  in  the  tanks.  These  plugs  are 
threaded  into  holes  tapped  into  the  sides 
of  the  standpipes. 

The  entire  pumping  system  (fig.  8)  is 
flushed  regularly  with  fresh  water  held  in 
a  500-gallon  tank  and  coupled  into  the  sys- 
tem. This  water  is  not  heated.  Some 
minor  fouling  occurs  inside  the  foot  valve 
but  has  not  proved  troublesome.  This 
same  backwash  water  is  used  for  priming 
the  pumps  when  necessary.  Naturally, 
this  fresh  water  is  not  allowed  to  enter  the 
supply  trough  wdien  purging  the  lines. 

A  feature  common  to  both  systems  is  a 
strainer  which  is  necessary  to  avoid  the 
clogging  of  the  intake  by  jellyfish  and 
ctenophores.  After  trying  several  de- 
signs, we  found  that  a  large  polyethylene 
wastebasket  pierced  by  numerous  14-inch 
holes  and  attached  to  a  wooden  disk 
clamped  to  the  intake  pipe  answers  this 
need  nicely.     By  releasing  two  bolts  (we 


used  plastic  bolts),  the  unit  can  be  disas- 
sembled and  scrubbed.  The  wyooden  disk 
was  not  painted  but  is  still  in  good  con- 
dition after  18  months'  use.  In  general, 
this  screen  arrangement  has  proved  very 
efficient  and  satisfactory. 

EVALUATION  AND   REMARKS 

The  wharf  system  has  provided  us  with 
an  extremely  reliable  source  of  running 
water  for  a  period  of  almost  3  years.  Ini- 
tial problems  with  priming  and  the 
strainers  were  quickly  resolved  as  our 
familiarity  with  the  equipment  increased. 
The  entire  system  was  installed  by  our 
maintenance  staff  at  the  site;  installation 
required  no  outside  assistance. 

The  main  research  system  has  given 
problems  which  might  be  considered  com- 
mensurate with  the  complexity  of  the  sys- 
tem. Certain  mechanical  failures  have  re- 
sulted,   principally    from    unfamiliarity 
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Figure  8. — Main  system   (dual). 


with  the  equipment  and  a  lack  of  adequate 
manufacturers'  instructions  concerning 
maintenance  requirements.  It  is  felt  that 
our  present  schedule  will  enable  us  to  op- 
erate on  a  more  satisfactory  basis. 

Our  aim  of  producing  water  at  a  low 
pressure  was  answered  in  a  most  hearten- 
ing manner  when  numbers  of  small 
medusae  of  Chrysaora  q.  quinquedrrha 
were  observed  swimming  in  several  of  the 
tanks.  These  were  about  1  to  iy2  inches 
in  diameter  and  appeared  to  be  in  excel- 
lent condition.  Since  that  time,  practi- 
cally all  of  the  local  larval  forms  have 
passed  through  the  pumps  successfully 
and  most  have  metamorphosed  in  the 
trough  or  tanks.  Thus,  our  present  feel- 
ing is  that  these  pumps  are  worth  the  ef- 
fort and  expense. 

We  have  had  several  failures  due  to  cir- 
cumstances which  could  not  be  counter- 
acted at  the  time  of  their  occurrence.    It 


is  therefore  strongly  recommended  that  a 
safety  switch  and  relay  be  made  a  part 
of  any  system  so  that  a  stoppage  or  slow- 
ing of  the  water  flow  for  any  reason  will 
shut  off  the  pump,  thus  protecting  the  unit 
from  serious  damage.  Of  equal  impor- 
tance is  the  provision  for  thermal  over- 
load protection  for  each  motor.  We  re- 
cently lost  a  motor  because  of  a  low-volt- 
age condition  which  caused  the  field  wind- 
ings to  overheat  and  short-circuit. 

The  following  is  a  list  of  suppliers  of 
the  components  we  have  used  in  our 
system. 

Centrifugal  pumps:   American   Hard  Rubber 

Co.,  Butler,  N.J. 
Moyno  pumps :  Robbins  &  Myers,  Springfield, 

Ohio. 
PVC   and  hard-rubber  valves,   pipe,  fittings : 

American  Hard  Rubber  Co.,  Butler,  N.J. 
PVC   and   hard-rubber  valves,  pipe,   fittings: 

Vanton  Pipe  and  Equipment  Co.,  Hillside, 

N.J. 
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Polyethylene  piping,  fittings:  American  Hard 
Rubber  Co.,  Butler,  N.J. 

Polyethylene  piping:    Sears,   Roebuck  &  Co., 
Philadelphia,  Pa. 

Polyethylene  piping  and  fittings  :  Yardley  Plas- 
tics, Columbus,  Ohio. 

Vinyl  and  polyethylene  tubing  and  containers : 
Phipps  &  Bird,  Inc.,  Richmond,  Va. 

Epoxy-base  paint :  Pettit  Paint  Co.,  Belleville, 
N.J. 

Black  asphaltum  varnish:  Devoe  &  Raynolds 
Co.,  New  York,  N.Y. 

Pressure  switches  :  Barksdale  Valves,  Los  An- 
geles 58,  Calif. 

Stainless-steel  pipe  clamps :  Murray  Co.,  Tow- 
son,  Md. 

SUMMARY 

The  two  systems  for  supplying  salt  wa- 
ter for  the  Chesapeake  Biological  Labora- 
tory at  Solomons  are  essentially  metal- 
free,  continuous-running  systems.  One 
provides  80  gallons  per  minute  through  a 
centrifugal  pump,  the  other  25  gallons 
per  minute  through  a  progressing  cavity 
pump  at  a  low  pressure.     The  first  is  a 


straight-through,  positive-pressure  unit  of 
simple  design.  The  second  is  more  com- 
plicated, with  a  novel  and  efficient  distri- 
bution system. 

Both  of  these  systems  have  their  advan- 
tages and  disadvantages  but  present  ex- 
perience indicates  that  an  increased  effi- 
ciency and  utility  will  be  realized  in  the 
future  as  our  familiarity  with  these  units 
is  improved. 
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PEA-WATER  SUPPLY  IN  THE  TROPICS 

By  Warren  Wisby 

(University  of  Miami  Marine  Laboratory,  Miami,  Fla. 

Abstract. — The  existing  sea-water  system  is  described  for  institutions  in  need  of  a 
moderate  supply  of  sea  water.  Special  methods  were  devised  to  eliminate  frequent 
maintenance,  save  space,  accommodate  an  extremely  high  ground-water  level,  and  per- 
mit continuous  operation  in  spite  of  tropical  storms.  Additions  and  changes  for  a 
contemplated  enlarged  facility  are  discussed,  covering  the  control  of  temperature, 
salinity,  pH,  dissolved  oxygen  and  C02,  and  turbidity  in  the  incoming  water.  Methods 
are  given  whereby  programed  variations  of  any  controllable  parameter  may  be 
maintained. 


When,  some  months  ago,  a  new  labora- 
tory was  being  planned  for  the  Institute 
of  Marine  Science  of  the  University  of 
Miami,  the  existing  salt-water  pumping 
system  was  subjected  to  intensive  scrutiny 
and  examination  to  determine  which  of  its 
features  were  generally  deemed  worth  re- 
taining and  which  were  to  be  improved  or 
discarded.  The  experiences  of  our  staff 
members  in  various  marine  laboratories, 
in  this  country  and  abroad,  were  drawn 
upon.  Conferences  were  held  with  ex- 
perts from  various  disciplines,  including 
biologists,  corrosion  engineers,  chemists 
specializing  in  toxicity  studies,  and  hy- 
draulics engineers.  The  plans  which  re- 
ulted  from  this  search  and  evaluation 
program  retained  many  features  of  the 
existing  system.  In  the  belief  that  a  de- 
scription of  the  existing  system  would  be 
of  value  to  institutions  with  moderate  sea- 
Iwater  demands,  it  will  be  described  in  the 
'first  portion  of  this  paper.  The  remainder 
3f  the  paper  will  describe  the  contem- 
plated system  in  detail. 

EXISTING  SYSTEM 

The  salt-water  supply  system  now  in 
ise  in  the  Agassiz  Building  of  the  Insti- 


tute of  Marine  Science  was  installed  when 
the  Institute's  laboratory  facilities  were 
moved  to  their  present  location  on  Vir- 
ginia Key  in  1953,  and  has  been  in  con- 
tinuous use  since  that  time.  A  few  rela- 
tively minor  changes  have  been  made  in 
the  system;  these  were  due  mainly  to  an 
increase  in  the  demands  placed  upon  it  by 
a  greatly  expanded  scientific  staff.  When, 
some  years  later,  a  second  salt-water  lab- 
oratory was  planned,  it  was  decided  that 
the  existing  pumping  and  distribution  sys- 
tems had  proven  their  worth,  and  a  dupli- 
cate system  was  installed  in  that  facility, 
now  our  Collier  Building.  These  two  sim- 
ilar systems  have  managed  to  provide  the 
entire  supply  of  salt  water  for  the  Insti- 
tute until  the  present  time  when,  again 
because  of  increasing  demands,  they  were 
judged  inadequate  and  plans  for  a  new 
salt-water  facility  were  started.  The  sim- 
plicity of  their  design  recommends  them 
primarily  for  small  installations.  How- 
ever, many  of  their  design  features  should, 
and  can,  be  incorporated  into  more  exten- 
sive systems. 

The  Institute  of  Marine  Science  is  on 
Virginia  Key  on  the  shore  of  Bear  Cut, 
a  narrow  strait  connecting  a  shallow  part 


113 


114 


WARREN   WISBY 


of  Biscayne  Bay  with  the  Atlantic  Ocean. 
Water  conditions  in  Bear  Cut  vary  from 
relatively  clear  water  free  of  suspended 
materials,  on  an  incoming  tide,  to  rather 
turbid  water  with  a  silicaceous  silt  load 
on  an  outgoing  tide.     Turbidity  increases 
when  winds  are  high  and  especially  when 
high  winds  are  combined  with  spring  tides. 
The  intake  for  the  present  salt-water 
system  is  fastened  to  the  laboratory  pier 
and   consists   of   a   screened   foot   valve, 
which    is    easily    removed    for   cleaning, 
within  a  sturdy  box  which  is  itself  fitted 
with  easily  removable,  coarse,  stainless- 
steel  screening.     The  foot  valve  is  located 
about  6  feet  under  the  surface  of  the  water 
at  mean  tide,  placing  it  about  the  same 
distance    over   the   bottom.     The    intake 
line,  about  50  feet  in  length,  is  composed 
of   3-inch   black   polyethylene   pipe   and 
leads  to  a  manifold  which  is  connected  to 
the  suction  side  of  two  Jaeger  centrifugal 
pumps,  each  of  which  is  powered  by  a 
3-phase,  1 -horsepower  motor.     The  pumps 
have  a  rated  capacity  of  50  gallons  per 
minute  under  these  operating  conditions 
and  are  so  valved  that  either  pump  can 
be  placed  in  service.     The  initial  cost  of 
these  pumps  is  remarkably  low,  and  it  is 
therefore  feasible  to  keep  standby  units  on 
hand.     Furthermore,     repairs     are     not 
costly  and  are,  as  a  matter  of  fact,  infre- 
quent.    This  type  of  pump  is  commonly 
used  in  construction  work,  and  repair  fa- 
cilities should  be  available  in  most  cities. 
Kepairs   have    usually    consisted    in    re- 
placement of  worn  impellers  and  an  oc- 
casional volute,  neither  of  which  requires 
a  large  expenditure  of  funds  or  of  time 
since  the  pump  can  easily  be  loaded  into 
an   automobile  and  taken  to  the  repair 
shop. 

The  discharge  line  is  also  manifolded 
at  the  pumps  and  is  also  composed  of  3- 
inch  black  polyethylene  pipe,  which  has 
been  covered  with  aluminum  paint  so  as 
to  reduce  absorption  of  heat  by  the  water. 


This  line  empties  into  one  end  of  a  con- 
crete tank  (10-by-10-by-2-feet)  situated 
on  the  roof  of  the  building.  Here  the 
flow  is  diffused  over  a  maximum  cross  sec- 
tion and  rendered  relatively  nonturbulent, 
by  means  of  removable  baffles,  in  order  to 
reduce  the  rate  of  linear  flow  so  that  most 
of  the  settleable  materials  are  removed. 
The  water  level  is  maintained  by  means  of 
an  electric  float  switch  which  controls  that 
pump  which  happens  to  be  in  service. 
The  tank  is  equipped  with  a  hinged  cover 
to  exclude  sunlight  and  accompanying 
algal  growth,  and  a  removable  overflow 
drain  which  leads  back  to  the  bay.  Re- 
moval of  the  overflow  standpipe  allows 
the  settled  materials  to  be  flushed  and  the 
tank  to  be  cleaned. 

The  secondary,  or  distribution,  system 
leaves  through  a  screened  outlet  located  a 
few  inches  above  the  tank  floor.     It  is  con- 
structed of  the  same  kind  of  pipe  as  are 
the  suction  and  primary  discharge  lines. 
Branches  of  this  system  travel  down  each 
side  of  the  building  for  final  distribution 
to  the  water  tables  and  aquariums.     In  no 
case  does  any  pipe  have  a  blind,  capped 
end.     Rather,  the  end  of  each  pipe  is  fitted 
with  a  valve  and  a  discharge  line  which 
leads  back  to  the  bay,  so  that  the  accumu- 
lation of  sediment,  with  resultant  forma 
tion  of  H2S,  can  be  prevented  by  frequent 
flushing  of  all  parts  of  the  system.     The 
same    arrangement    is    provided    in    the 
smaller  lines  which  supply  the  individual 
aquariums.     Also  it  was  found  that  sedi- 
mentation ceased  to  be  a  factor  in  clog- 
ging of  valves,  which  are  all  of  plastic 
(PVC),  if  the  lines  which  supplied  the 
aquariums,  as  well   as  the  plastic  stop- 
cocks from  these  lines,  were  connected  to 
the  upper  side  of  the  distribution  line  in- 
stead of  the  bottom,  as  is  usually  the  case. 
The    water   tables   are   constructed   of 
fiberglass-covered  plywood,  are  standard- 
ized as  to  size  and  design,  and  are  easily 
movable.    Each  has  two  levels  which  are 
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supplied  with  running  sea  water,  and  each 
level  is  connected  by  a  drain  hose  to  a  gut- 
ter which  carries  the  waste  back  to  the 
bay. 

The  feature  of  the  distribution  system 
which  is  considered  to  be  the  most  impor- 
tant is  that  nowhere  in  the  entire  system  is 
an  elbow  joint  used.  Where  it  is  necessary 
to  turn  a  corner,  a  four-way  fitting  is  used 
and  the  unwanted  openings  are  capped. 
Thus,  any  section  of  pipe  can  be 
thoroughly  cleaned  with  a  plumber's 
"snake''  merely  by  removing  the  cap  that 
leads  in  a  straight  line  to  the  proper  sec- 
tion. We  have  found  through  experience 
that  such  cleaning  must  be  part  of  the 
regular  maintenance  schedule  owing  to 
the  rapid  growth  of  settling  organisms  in 
the  tropics. 

SALT-WATER  SYSTEM   FOR  NEW 
BUILDING 

The  sea-water  system  designed  for  the 
new  laboratory  remains  relatively  un- 
changed from  this  original  concept.  It 
will,  of  course,  be  much  larger  and  more 
sophisticated  as  to  controls,  but  the  basic 
principles  have  been  judged  sound  and 
time-tested  and  will  be  adhered  to.  All 
primary  and  secondary  piping  will  be  of 
PVC  plastic,  including  the  valves,  and 
will  be  installed  in  duplicate  down  to  the 
final  distribution  level.  Provisions  will  be 
made  to  keep  unused  portions  filled  with 
!  fresh  water  to  destroy  any  marine  orga- 
nisms which  may  have  settled  during  their 
periods  of  use.  Our  experience  has  shown 
that  if  this  is  done  bimonthly,  the  major- 
ity of  settling  organisms  will  be  so  small 
that  the  calcareous  shell  will  be  removed 
from  the  walls  of  the  pipe  when  the  orga- 
nism dies.  Provision  will  also  be  made  for 
flushing  the  used  portion  of  the  system 
with  a  fast  flow  of  sea  water  daily,  thus 
preventing  sediment  from  accumulating 
in  the  piping  in  use. 

The  question  of  filtration  was  again  ex- 


amined in  detail  and  the  conclusion  was 
the  same  as  that  arrived  at  when  the  ex- 
isting system  was  planned — that  a  settling 
tank  on  the  roof  was  most  suited  to  our 
needs.  Our  water  supply  was  first  sub- 
jected to  scrutiny.  It  was  found,  by  drill- 
ing test  wells,  that  our  underground  salt 
water,  although  crystal  clear,  contained  so 
much  dissolved  H2S  as  to  render  it  unsafe 
for  use  with  small  marine  organisms,  even 
after  treatment.  Also,  while  it  might  be 
possible  to  maintain  living  fishes  in  this 
treated  Avater,  whether  they  could  then  be 
considered  "normal"  in  activity  and  in 
behaviour  is  questionable. 

Mechanical  and  biological  filters  were 
also  discussed  and  discarded;  the  former 
because  of  the  difficulty  of  cleaning  and 
the  frequency  with  which  this  would  be 
necessary  with  our  water  conditions,  and 
the  latter  because  of  the  undesirable  con- 
tribution of  additional  larvae  and  eggs 
to  the  already  present  problem.  It  was 
also  decided  that  the  settling  tank  should 
be  on  the  roof,  as  at  present,  for  several 
reasons.  First,  pressure  systems,  the  other 
alternative,  are  not  satisfactory  in  the  trop- 
ics because  of  the  danger  of  supersatura- 
tion  of  dissolved  gases  with  even  slight 
warming  of  the  water,  with  resultant 
trauma  to  the  tissues  of  the  experimental 
organisms.  Second,  our  ground  water  is 
so  near  the  surface  as  to  make  digging 
difficult.  Third,  a  large  underground  tank 
would  have  to  be  kept  filled  with  water 
in  order  to  prevent  its  "floating,"  especially 
in  the  event  of  storm  flooding,  and  this 
would  make  cleaning  difficult.  Fourth,  a 
ground  surface  tank  would  take  up  valu- 
able space  and  would  necessitate  two  sets 
of  pumps,  one  to  pump  into  the  tank  and 
one  to  pump  from  the  tank  to  the  roof  of 
the  building,  where  a  gravity  tank  would 
be  installed. 

Tests  were  again  conducted  on  the  rate 
of  settling  of  the  materials  suspended  in 
the  intake  water,  and  it  was  found  that  a 
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retention  time  of  90  minutes  was  sufficient 
for  the  large  majority  of  our  experi- 
ments. The  tank  was  therefore  designed 
to  provide  a  retention  time  of  1V2  hours  at 
the  maximum  pumping  rate  of  36,000  gal- 
lons per  hour.  It  will  cover  most  of  the 
roof  of  the  building  and  will  be  shielded 
from  the  direct  rays  of  the  sun  by  a  per- 
manent cover,  which  also  acts  to  prevent 
dilution  by  rain  water. 

Provision  has  been  made  for  cleaning  by 
dividing  the  tank  into  two  parts.  Either 
part  can  function  as  a  settling  tank  while 
the  other  is  shut  down.  The  settled  water 
will  be  collected  in  a  sump  at  the  end  of 
the  tank  for  final  distribution  to  the  lab- 
oratories. This  will  ensure  a  constant  head 
of  water  to  the  secondary  piping  system. 
In  many  cases  this  water  will  require  no 
further  filtration.  Nevertheless,  unit  fil- 
ters will  be  generally  available,  to  be  used 
or  bypassed  as  desired.  The  filter  units 
are  plastic,  with  disposable  filter  elements, 
and  are  similar  to  those  successfully  used 
elsewhere.  The  cost  of  the  elements  is 
relatively  small,  they  can  be  obtained  with 
various  pore  sizes,  and  should  last  from  2 
to  3  days  in  an  average  installation  before 
cleaning  or  replacement  is  needed. 

Many  of  the  problems  of  a  salt-water 
system  have  to  do  with  the  corrosive 
nature  of  the  sea  water,  while  others  are 
due  to  the  erosive  effects  of  suspended 
materials.  A  search  was  instigated  to  find 
a  pump  which  would  resist  the  effects  of 
both  of  these  factors.  The  investigation 
has  narrowed  down  to  a  centrifugal  pump 
with  a  special  rubber  lining.  A  total  of 
three  pumps  will  be  installed  in  parallel 
connection.  The  pumps  will  be  actuated 
automatically  by  a  demand  signal  from  a 
float-type  switch  sensing  the  water  level 
in  each  distribution  sump.  As  many 
pumps  will  be  in  operation  as  are  required 
to  maintain  the  desired  head  of  water. 

As  in  our  present  sea-water  system,  all 
piping  will  consist  of  straight  runs  with- 


out bends  or  elbows.  Four-way  fittings,  or 
tees  will  be  used  at  all  corners  so  that  a 
cleaning  rod  can  be  inserted  easily.  It  isi 
planned  to  use  unplasticized  nontoxic 
PVC  piping  both  in  the  primary  and  inj 
the  secondary  distribution  systems.  All 
valves  will  be  of  similar  inert  materials, 
either  PVC,  Teflon,  or  hard  rubber, 
depending  upon  their  size.  Automatic 
control  systems  will  be  provided  for  reg- 
ulating the  following  environmental 
parameters.     (See  Addendum  on  p.  118.) 

Temperature 

A  number  of  thermostatically  con- 
trolled, portable  units  for  heating  and 
cooling  the  settled  sea  water  will  be  avail- 
able for  individual  use. 

Salinity 

Water  conditioning  will  take  place  in  a 
mixing  chamber  before  being  introduced 
into  the  aquariums.  Salinity  levels  will 
be  sensed  by  means  of  a  conductivity  cell, 
or  inductive  type  cell,  and  automatic  regu- 
lation applied  to  the  inflowing  water 
supply.  Salinity  will  be  reduced  by  the 
metering  in  of  distilled  water  or  of  fresh 
water  previously  passed  through  a  dechlo- 
rinator.  Salinity  will  be  increased  by 
spraying  raw  salt  water  into  an  evacuated 
chamber  with  subsequent  reoxygenation. 
A  salinity  control  of  ±  1  part  per  thou- 
sand can  be  provided. 

pH 

Adjustment  of  pH  will  take  place  in  a 
tank  before  the  sea  water  enters  the  aquar- 
iums. Measuring  electrodes  will  be  glass 
(Beckman)  with  a  calomel  reference.  The 
measured  values  will  actuate  the  control 
system  so  that  an  acid  or  a  base  will  be 
metered  into  the  mixing  tank  at  a  rate 
sufficient  to  maintain  the  desired  pH. 

Dissolved   oxygen 

Measurement  and  recording  of  the  dis- 
solved oxygen  will  be  accomplished  with 
either  Kanwisher  or  Beckman  type  elec- 
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trodes.  Oxygen  level  may  be  set  and 
maintained  at  any  desired  level  between  O 
and  saturation.  Deviations  of  the  meas- 
ured level  from  the  present  level  will  pro- 
vide the  control  signal  for  adjusting  the 
oxygen  level  in  the  incoming  water  supply. 
Oxygen  will  be  added  to  or  removed  from 
the  water  by  passage  through  a  column 
of  glass  beads  into  which  oxygen  or  nitro- 
gen is  metered. 

Dissolved   carbon   dioxide 

Measuring  and  control  systems  similar 
to  those  provided  for  oxygen  will  be  sup- 
plied. Carbon  dioxide  will  be  added  to  or 
removed  from  the  sea  water  by  trickling 
through  a  glass  bead  column  into  which 
carbon  dioxide  is  metered  or  C02  =  free 
air  is  passed.  An  adjustment  of  pH  will 
be  made  along  with  the  regulation  of 
carbon  dioxide. 

Turbidity   control 

Measurement  of  turbidity  will  be  made 
by  absorption  of  light  as  compared  to  fr 
neutral  density  filter.  Filters  of  a  wide 
range  of  optical  density  may  be  inserted 
into  the  reference  optical  path  of  the  con- 
trol system,  and  turbidity  can  then  be 
automatically  maintained  at  a  level  of 
3qual  light  absorption.  Increase  of  tur- 
bidity can  be  accomplished  by  metering 
in  a  suspension  of  the  material  under 
study  or  of  some  natural  sediment  into  the 
incoming  water  supply,  or  it  can  be  de- 
creased by  filtering.  The  type  of  material 
to  be  used  will  depend  on  whether  visual 
effects  or  effects  of  sedimentation  on  bot- 
tom organisms  are  being  investigated. 

System    for    maintaining    programed    variations    of    any 
controllable   parameter 

This  system  will  consist  of  a  graphic 
recorder  and  controller  which  will  follow 
i  curve  previously  plotted  on  the  chart 
paper.  Any  desired  fluctuation  of  a  vari- 
able (as  a  function  of  time)  can  be  plotted 
Dn  the  chart  paper  by  hand.  As  the 
graphic  record  is  played  back,  the  stylus 


is  made  to  follow  the  excursions  of  the 
plotted  line  while  at  the  same  time  pro- 
ducing a  control  signal  which  is  a  func- 
tion of  its  lateral  displacement.  The 
control  signal  is  used  to  regulate  the  en- 
vironmental parameter  so  that  it  follows 
directly  the  preplotted  graphic  record. 
The  time  scale  may  be  synchronized  with 
real  time  if  desired.  Fluctuations  in  such 
variables  as  temperature,  salinity,  or  light 
may  be  provided  in  a  cyclic  manner  so  that 
tidal  or  diurnal  cycles  are  simulated. 
Noncyclic  variations  may  be  programed 
in  the  same  manner. 

SUMMARY 

The  following  problems,  some  of  which 
are  peculiar  to  the  tropics,  have  been  dealt 
with  in  the  design  of  the  new  sea-water 
system : 

1.  Sedimentation  and  growth  of  fouling 
organisms  in  the  pipes  by  (a)  filter 
screens  at  intake,  (b)  duplication  of  all 
pipelines  from  intake  to  final  distribution 
lines,  (c)  provisions  for  daily  flushing  of 
all  pipes,  (d)  continual  flushing  of  sedi- 
ments from  settling  tank,  (e)  final  dis- 
tribution lines  and  petcocks  leave  from 
the  upper  sides  of  secondary  supply  lines, 
and  (f)  use  of  straight  runs  of  pipe  with 
no  elbows. 

2.  Air  embolism  in  experimental  ani- 
mals, by  (a)  use  of  a  gravity  system  of 
sea-water  distribution,  and  (b)  avoidance 
of  temperature  increases  by  continual 
flushing  of  water  from  the  storage  tank 
and  by  insulating  the  tank  from  direct 
sunlight. 

3.  Toxicity  to  experimental  animals, 
corrosion,  and  erosion,  by  (a)  use  of  non- 
toxic plastic  pipe  and  valves,  and  (b)  use 
of  rubber-coated  pumps. 

We  believe  that  this  facility,  when  com- 
pleted, will  be  an  important  addition  to 
the  nation's  research  facilities.  The  in- 
tensive planning  which  has  resulted  in  the 
final  flexible  design,  both  of  the  laboratory 
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and  of  the  sea-water  system,  should  pro- 
duce a  marine,  controlled-environment 
laboratory  that  will  be  as  useful  and  con- 
vient  for  scientists  of  the  future  as  for 
those  of  us  who  will  be  fortunate  enough 
to  use  it  today. 

ADDENDUM 

Since  this  was  written,  the  new  installa- 
tion has  been  made  with  duplicate  intake 
and  distribution  systems.  Valves  are  so 
arranged  that  one  of  the  alternate  systems 
is  allowed  to  remain  at  rest,  filled  with  salt 


water  for  a  period  of  1  or  2  weeks,  more 
than  sufficient  to  kill  attached  organisms, 
through  anoxia.  At  the  end  of  this  period, 
the  stagnant  water,  with  the  remains  of 
dead  organisms,  is  flushed  out  with  clean 
sea  water,  and  the  system  is  returned  to 
service.  Lack  of  sufficient  experience  pro- 
hibits any  statement  on  successful  per- 
formance. In  the  unlikely  circumstance 
that  this  procedure  does  not  reduce  at- 
tached growth,  provision  is  made  for  the 
introduction  of  either  fresh  water  or 
chlorinated  water  into  the  resting  system. 


SALT-WATER  SYSTEM  AT  THE  U.S.  BIOLOGICAL 
LABORATORY,  BEAUFORT,  NORTH  CAROLINA 

By  G.  B.  Talbot,  Director 

Biological  Laboratory,  Bureau  of  Commercial  Fisheries,  Fish  and  Wildlife  Service, 
U.S.  Department  of  the  In'erior,  Beaufort,  N.C. 

Abstract. — In  conjunction  with  the  construction  of  a  modern  laboratory  at  Beaufort, 
N.C,  a  new  salt-water  system  was  built,  since  the  one  in  existence,  an  aged  pump-and- 
tank  intermittent  facility,  had  proved  inadequate.  The  system  chosen  was  a  continuous- 
flow  type,  installed  in  duplicate,  utilizing  a  3-horsepower  centrifugal  pump,  flexible 
polyethylene  pipes,  and  hard-rubber  valves.  Indoor  water  tables  are  constructed  of 
cypress  planks  lined  with  sheet  lead  and  of  %-inch  plywood  covered  with  fiberglass. 
Outdoor  tanks  are  of  concrete  and  may  be  divided  into  four  compartments  by  screen 
partitions.  The  system  has  been  in  continual  use  since  1955  and  provides  an  uninter- 
rupted flow  of  salt  water,  at  constant  pressure,  regardless  of  valve  actuation. 


In  1953,  with  the  prospect  that  a  new 
laboratory  was  to  be  constructed  at  this 
station  to  replace  the  old  structure  built  in 
1901,  it  became  necessary  to  design  a  new 
salt-water  system  for  proposed  laboratory 
experiments.  The  system  then  in  use  con- 
sisted of  a  wood  tank  located  on  the  upper 
floor  of  a  2%-story  building,  and  a  cast- 
iron  pump  with  iron  pipes  and  brass 
valves  which  supplied  salt  water  intermit- 
tently as  needed.  Since  pumping  occurred 
at  irregular  intervals  regardless  of  the 
tide,  the  salinity  was  apt  to  change  ab- 
ruptly at  each  pumping  cycle.  While  this 
jsalt-water  supply  was  useful  for  some  pur- 
poses, the  method  of  filling  was  far  from 
satisfactory  and  the  system  often  drained 
dry.  In  addition,  the  materials  used  in 
the  construction  of  this  facility  were  toxic 
to  some  marine  organisms. 

An  auxiliary  system,  consisting  of  a 
pump    and    pressure    tank    similar    to    a 

The  author  is  now  Director,  Tiburon  Marine 
Laboratory,  Bureau  of  Sport  Fisheries  and  Wild- 
life, Fish  and  Wildlife  Service,  U.S.  Department 
3f  the  Interior,  Tiburon,  Calif. 


shallow- well  domestic  water  pump  was 
used,  but  it  had  the  same  disadvantages  as 
the  main  system,  and  in  addition  most 
marine  organisms  in  the  incoming  water 
were  killed  in  tho  pressure  tank.  This 
necessitated  cleaning  the  tank  regularly 
because  of  the  accumulated  debris  and  silt. 
Most  of  the  marine  stations  along  the 
east  coast  of  the  United  States  w^ere  vis- 
ited in  an  attempt  to  determine  the  faults 
and  virtues  of  existing  salt-water  systems. 
In  general,  the  two  kinds  in  use  were  in- 
termittent and  continuous-pumping  types. 
The  former  has  an  advantage  in  that  the 
salinity  can  be  held  more  or  less  constant 
by  using  an  interval  timer  to  regulate  the 
pumping  to  a  definite  part  of  each  tidal 
cycle.  In  this  system  a  storage  tank  of 
sufficient  capacity  to  furnish  salt  water 
for  all  needs  for  about  12  hours,  less 
pumping  time,  is  necessary.  With  the 
continuous-flow  system  no  storage  tank  is 
necessary,  but  tide-linked  variations  in  sa- 
linity of  the  water  source  cannot  be  offset 
by  controlled  pumping.  The  choice  of 
systems  depends  partially  upon  location 
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of  the  laboratory  in  relation  to  the  source 
of  salt  water  and  upon  the  type  of  experi- 
ments to  be  conducted. 

One  major  fault  found  in  some  continu- 
ous-flow systems  was  that  no  provision 
was  made  to  maintain  constant  pressure 
when  different  amounts  of  water  were 
used.  As  a  result,  if  small  quantities  of 
water  were  being  used  in  the  laboratory 
and  a  large  valve  was  opened  at  an  outside 
tank,  pressure  in  the  system  dropped  to 
such  an  extent  that  water  ceased  to  flow 
in  the  laboratory,  and  it  was  necessary  to 
further  open  the  spigots  in  the  laboratory 
to  obtain  a  flow.  Then  if  a  valve  at  an  out- 
side tank  was  closed,  pressure  in  the  lab- 
oratory increased  sufficiently  to  disrupt 
experiments  in  progress.  As  a  result  ex- 
treme caution  had  to  be  observed  at  all 
times  when  valves  were  opened  or  closed 
any  place  on  the  system. 

Only  two  really  satisfactory  nontoxic 
materials  for  handling  salt-water  were 
found  in  use  in  1953 — hard  rubber  and 
lead.  Some  experiments  were  being  car- 
ried out  Avith  plastic  pipe,  however,  which 
gave  indications  that  this  material  would 
be  superior.  Since  plastic  pipe  was  much 
more  economical  to  purchase  and  install 
than  hard  rubber  and  lead,  experiments 


were  carried  out  at  this  laboratory  with 
several  brands  of  polyethylene  and  poly- 
vinyl-chloride  pipe  to  determine  their 
toxic  effects  on  marine  organisms.  Some 
brands  appeared  to  have  an  initial  tox- 
icity, but  after  being  washed  for  several 
hours,  none  exhibited  any  toxic  properties. 

Several  pumps  were  available  which 
had  performed  satisfactorily  on  other  salt- 
water systems  examined.  These  were] 
manufactured  specifically  for  handling 
brines,  acids,  alkalis,  and  other  corrosive 
liquids  for  industrial  applications.  Con- 
struction was  of  hard  rubber  or  of  cast 
iron  lined  with  rubber  so  that  the  liquid 
being  pumped  did  not  come  into  contact 
with  the  metal. 

The  salt-water  system  as  constructed  at 
this  laboratory  is  a  continuous-flow  type 
(shown  schematically  in  figure  1)  which 
was  installed  in  duplicate  so  that  one  unit 
can  be  used  while  the  other  is  being 
cleaned.  The  dual  system  also  is  used  to 
advantage  to  provide  a  standby  in  case 
of  failure  in  one  system.  The  pump  is 
a  3-horsepower  hard-rubber  centrifugal 
type  which  furnishes  80  gallons  per  min- 
ute at  a  total  head  of  30  feet.  The  same 
pump  is  also  manufactured  in  a  1-horse- 
power  model  w7hich  pumps  40  gallons  per 
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Figure  1. — Salt-water  system. 
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ninute  at  the  same  head.  All  pipes  are 
3-inch  flexible  polyethylene  plastic  except 
it  laboratory  water  tables  and  outside 
•anks.  Here  semirigid  plastic  pipe  is  used 
jince  it  can  be  tapped  for  petcocks  at  the 
later  tables  and  is  self-supporting  at  the 
mtside  tanks.  One-inch  pipes  are  used 
it  the  laboratory  tables,  and  at  the  out- 
ride tanks  ll^-inch  pipes  are  used.  The 
root  valve  and  pipeline  valves  are  of  rigid 
olastic  with  polyethylene  diaphragms. 

An  overflow  standpipe  18  feet  at  top 
elevation  above  the  pump  maintains  con- 
stant pressure  in  the  system  regardless  of 
low  much  water  is  being  used,  within  the 
opacity  of  the  pump.  Excess  water  flows 
rrom  the  top  of  the  standpipe,  and  as  long 
is  some  water  is  overflowing,  the  pressure 
it  all  outlets  at  tanks  and  water  tables 
-emains  constant  regardless  of  where 
waives  are  opened  or  closed.  The  top  ele- 
vation of  the  standpipe  is  12  feet  above 
he  highest  outlet  on  the  system.  Of 
fcurse,  if  outlets  at  higher  elevations  are 
lesired,  such  as  in  a  second-floor  labora- 
ory,  the  height  of  the  standpipe  would 
lave  to  be  increased  to  above  the  outlet 
leight  to  increase  the  pressure  so  that 
vater  would  rise  to  the  higher  elevation. 
m  our  installation  the  top  of  the  stand- 
pipe is  extended  2  feet  above  the  overflow 
>ipe  to  accommodate  surges  of  water  when 
he  pump  is  first  started. 

Hard-rubber  pumps  must  not  be  al- 
owed  to  run  dry,  as  this  will  ruin  the 
)ump  shaft  and  seals.  Therefore,  as  a 
iafety  precaution  a  pressure-operated 
switch  is  inserted  in  the  electrical  powTer 
ines  to  the  pump  so  that  it  will  be  stopped 
Lutomatically  if  water  is  not  being 
mmped.  This  has  proved  useful  many 
imes  when  the  foot  valve  has  become 
'logged,  as  by  a  piece  of  plastic  sheeting, 
ind  also  has  prevented  the  pump  from  re- 
starting when  the  pump  and  lines  have 
Irained  dry  after  a  prolonged  power 
failure. 


To  facilitate  the  pumping  operation 
when  the  lines  are  empty,  a  valve  with  a 
fitting  to  which  a  garden  hose  can  be  at- 
tached is  located  near  the  standpipe.  The 
standpipe,  pump,  and  suction  line  can 
then  be  filled  with  fresh  water  from  a 
near-by  fresh-water  spigot  before  start- 
ing the  pump. 

Since  this  system  is  nontoxic  to  marine 
organisms,  considerable  growth  occurs 
within  the  plastic  pipes,  thus  reducing 
the  amount  of  water  that  is  transported. 
The  rate  of  fouling  of  salt-water  systems 
probably  depends  upon  latitude  of  the  in- 
stallation and  local  conditions.  In  this 
area  it  is  necessary  to  clean  the  system 
about  twice  a  year.  This  is  accomplished 
by  stopping  the  pump  and  allowing  the 
water  to  remain  in  the  system  for  about 
a  week  until  all  organisms  are  dead.  Soft, 
forms  usually  can  then  be  flushed  out  by 
starting  the  pump,  opening  all  valves  and 
drains,  and  removing  pipe  caps  from  the 
supply  at  the  water  tables. 

About  once  a  year  the  setting  of  hard- 
shelled  animals,  such  as  oysters  and  bar- 
nacles, clogs  the  pipe  to  such  an  extent 
that  acid  must  be  used  to  dissolve  or 
loosen  them.  Commercial  hydrochloric 
acid  diluted  to  about  10  percent  (1  part 
acid,  3  parts  water)  is  introduced  into  the 
standpipe,  and  all  outlet  valves  are 
opened  slightly  until  the  dilute  acid 
reaches  all  parts  of  the  system.  The  acid 
solution  is  allowed  to  remain  in  the  pipes 
for  approximately  48  hours  and  the  pipes 
can  then  be  flushed  clean. 

The  outside  tanks  are  made  of  concrete 
with  inside  measurements  of  6  feet  by  16 
feet  with  depth  of  30  inches  at  the  ends 
and  31  inches  near  the  center  (figs.  2  and 
3).  Notches  on  the  sides  allow  vertical 
screen  partitions  to  be  inserted  so  that 
the  tank  can  be  divided  into  four  com- 
partments. A  4-inch  pipe  nipple  cast  into 
the  bottom  accommodates  standpipe  over- 
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Figure  2. — Outside  tanks. 
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Figure  3. — Plan  (at  top)  and  cross  section  (at  bottom)  of  outside  tank. 
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Figure  4. — Laboratory  water  tables  with  dual  salt-water  systems. 


flows  of  various  heights.  The  drains  f  rom 
the  outside  tanks  and  laboratory  tables  are 
of  8 -inch  terra-cotta  pipe  with  cemented 
joints. 

The  water  tables  in  the  laboratory,  with 
inside  dimensions  of  4  feet  by  8  feet  by  10 
inches  deep,  are  constructed  of  2-  by  10- 
inch  cypress  planks  and  are  lined  with 
sheet  lead  (fig.  4).  More  recently,  addi- 
tional water  tables  were  constructed  of 
%-inch    plywood   lined    with   fiberglass. 


Both  types  have  proved  satisfactory.  All 
salt-water  pipes  as  well  as  other  utility 
lines  in  the  laboratory  are  located  in 
trenches  with  sheet  iron  covers  at  floor 
level  so  that  they  are  readily  accessible 
in  case  repairs  are  needed  and  also  to 
allow  flexibility  in  arrangement  of  equip- 
ment. 

This  salt-water  system  has  now  been  in 
almost  continuous  operation  for  more  than 
7  years  and  has  given  excellent  service. 
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Abstract. — Submerged  stainless-steel  and  aluminum-alloy  pumps  supply  salt  water 
through  nontoxic  plastic  piping  and  fittings  to  laboratory  facilities,  and  to  a  30,000- 
gallon  header  tank  through  a  partially  effective  antisurge  unit.  Straight  runs  and 
T-joints  in  piping  facilitate  cleaning.  Hot  salt  water  for  blending  in  temperature  ex- 
periments is  produced  in  a  stainless-steel  heat  exchanger  in  an  oil-fired  fresh-water 
boiler.  Expansion  valves  at  compressed-air  pumps  prevent  toxic  ions  from  passing 
through  the  copper  air-distribution  system. 


The  salt-water  system  at  St.  Andrews, 
New  Brunswick,  is  used  to  meet  various 
requirements  of  fishery  research,  ranging 
Tom  the  culture  of  planktonic  forms  to 
studies  of  the  growth  and  behaviour  of 
commercial-sized  species  (fish,  crusta- 
ceans, mollusks)  in  controlled  environ- 
ments. 

THE  SALT-WATER  SUPPLY 

The  station  is  located  where  the  estuary 
of  the  St.  Croix  River  empties  into  Pas- 
samaquoddy  Bay  and  has  unlimited  access 
to  natural  sea  w^ater.  Each  year,  the  level 
of  diurnal  high  tides  ranges  above  normal 

ow  water  from  19  feet  during  neap  tides 
to  28  feet  during  spring  tides.  Water 
temperatures  range  from  about  32°  F. 
(0°  C.)  in  winter  to  a  maximum  of  55°  F. 
(13°  C.)   in  summer.     Salinity  normally 

anges  around  28  to  31  parts  per  thousand 
(although  it  may  fall  to  25  parts  per  thou- 
sand during  spring  runoff.  The  oxygen 
3ontent  of  the  sea  w^ater  is  normal. 

THE  SALT-WATER   SYSTEM 

The  salt-water  intake  is  on  the  outer 
face  of  the  station's  wharf,  approximately 


18  feet  above  the  sea  bed  and  4  feet  below 
the  lowest  low-tide  level.  Unfiltered  salt 
water  is  pumped  to  a  30,000-gallon  con- 
crete reservoir  tank  about  40  feet  above 
the  main  laboratories.  This  elevation  pro- 
vides a  constant  pressure  head  for  the  sys- 
tem. From  the  reservoir  tank,  w^ater  is 
distributed  to  the  laboratory  buildings 
(fig.  1).  There  are  facilities  to  heat  part 
of  the  supply  but  no  facilities  for  refrig- 
eration (fig.  2). 

Pumps 

Two  intake  pumps,  each  of  100  gallons 
per  minute  capacity,  are  in  use.  They  are 
submersible,  "Flygt"  model  B-80L  pumps, 
manufactured  by  the  Stenburg  Corpora- 
tion, Stockholm,  Sweden.  These  pumps 
are  constructed  of  a  salt-water-resistant 
aluminum  alloy  with  a  stainless-steel  im- 
peller. Experience  has  shown  that  stain- 
less steel  is  less  subject  to  corrosion  and 
breakage  than  cast  iron.  Because  the 
pumps  are  submerged,  leaks  at  the  suction 
end,  which  can  cause  the  wrater  to  be  super- 
saturated with  gases,  are  avoided.  The 
two  pumps  have  been  in  use  since  1958 — 
one  pump  in  use  while  the  other  wTas  being 
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Figure  1. — Salt-water  system  at  St.  Andrews,  N.B.,  with  insert  of  antisurge  unit. 


serviced  or  held  in  reserve  as  a  standby. 
Normally  the  pumps  are  interchanged  on 
a  6  months'  basis.  In  case  of  breakdown, 
pumps  can  be  replaced  in  less  than  1  hour 
by  two  men  at  the  first  low  tide.  A  3-inch 
line  from  the  pump  joins  a  single  2%-inch 
flexible  polyethylene  line  leading  to  the 
reservoir  and  main  laboratory.  To  reduce 
pressure  surge  when  the  intake  pump  op- 


erates, an  antisurge  unit  is  built  into  the 
system  at  the  junction  of  the  three 
branches  of  this  wTater  line  (fig.  1).  To 
eliminate  surge,  a  separate  line  is  being 
laid  from  the  intake  pump  to  the 
reservoir. 

A  turbine-type  pump  of  smaller  ca- 
pacity (80  gallons  per  minute)  was  for- 
merly used.    This  type  also  provided  pro- 
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Figure  2. — Diagram  of  salt-water  furnace. 
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tection  from  supersaturation  with  gases. 
Although  it  was  generally  satisfactory, 
the  rigid  intake  pipe  enclosing  the  pro- 
peller shaft  must  be  protected  from  dam- 
age from  such  things  as  boats,  drift  ice, 
and  other  causes.  For  example,  the  shaft 
of  the  turbine  pump  was  severely  dam- 
aged when  the  former  wharf  settled  sud- 
denly. An  enclosed  pumphouse  is  also 
required. 

To  reduce  the  possibility  of  contamina- 
tion from  metal  ions,  the  use  of  metal  is 
avoided  whenever  possible  (figs.  3  and  4). 


Piping 

Plastic  piping  of  polyethylene  and  poly- 
vinyl chloride  (PVC)  is  used  throughout 
the  laboratory  buildings.  There  has  been 
no  evidence  to  suggest  that  either  material 
is  toxic.  The  underground  piping  is  flex- 
ible polyethylene  and  is  laid  below  frost 
level.  Rigid  piping  is  used  in  the  labora- 
tories because  fewer  supports  are  required 
and  the  sidewalls  of  the  pipes  can  be 
tapped  to  receive  stopcocks  where 
required. 


Figure  3. — Hot  and  cold  salt-water,  fresh-water,  and  compressed-air  piping  along  the  west  wall  of 

the  basement  laboratory. 
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Figure  4. — Overhead  salt-water  and  compressed-air  lines  in  the  basement  laboratory. 


Valves  and  connectors  throughout  the 
system  are  of  nontoxic  plastic  materials, 
usually  rigid  PVC  but  in  some  cases  a 
blend  of  styrene  acrylonitrile-butadiene 
copolymer,  sold  under  the  trade  name 
Uscolite. 

The  most  satisfactory  valve  design  used 
to  date  in  our  experience  is  a  ball  valve  of 
rigid  PVC  using  soft-seal  seat  rings  of 
Teflon.  This  valve  does  not  stick  even 
after  prolonged  periods  in  either  the  open 
or  closed  position.  Only  a  quarter  turn 
is  required  to  close  the  valve.  No  pressure 
is  needed  to  effect  a  tight  seal. 

All  piping  is  black  or  gray  to  exclude 
light  and  thereby  inhibit  seaweed  growth. 
Differently  colored  pipes  can  be  used  as 


a  key  or  code  to  the  contents  and  supply 
points.  Fouling  by  mussel  growth  and 
occasional  clogging  with  silt  and  sand  are 
continuing  problems.  To  reduce  clogging 
and  to  facilitate  cleanout,  straight  runs  of 
pipe  are  used  wherever  possible.  Clean- 
outs  (tees  instead  of  90-degree  elbows)  and 
break-away  couplings  are  provided  at  the 
ends  of  straight  runs  of  pipe.  Although 
considerable  cleanout  is  accomplished  by 
flushing,  it  is  sometimes  necessary  to  clear 
sections  of  the  pipes  with  mechanical 
reamers.  Numerous  shutoffs  are  located 
at  strategic  places  to  allow  partial  shut- 
down to  repair,  to  clean  out,  or  to  extend 
the  lines.  Wherever  possible,  pipes  and 
fittings  are  exposed  and  readily  accessible. 
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Routine  late-fall  cleanout  eliminates  much 
of  the  yearly  accumulation  of  mussels  and 
silt. 

Condensation  on  pipes  conducting  cool 
water  throughout  the  laboratory  is  trou- 
blesome, particularly  during  hot  humid 
weather.  Aside  from  personal  annoyance, 
drip  from  overhead  pipes  on  electrical 
equipment  is  dangerous.  Pipes  distrib- 
uted through  laboratory  areas  should  be 
insulated. 

HEATING  AND  OTHER   FACILITIES 

The  heater  system  consists  of  a  standard 
heating  boiler  of  the  horizontal  return 
tube  type,  fired  by  a  thermostatically  con- 
trolled oil  burner.  The  fresh-water  boiler 
output  feeds  into  the  shell  of  the  heat  ex- 
change. Heat  is  transferred  to  salt  water 
contained  within  stainless-steel  (type  316) 
heat-exchange  tubes.  The  salt  water  leav- 
ing the  exchanger  is  heated  to  180°  F. 
This  180°  F.  salt  water  is  in  turn  mixed 
with  cool  sea  water  by  means  of  an  auto- 
matic motorized  3-way  valve  to  produce 
salt  water  at  85°  F.  for  distribution  to  the 
laboratories.  The  system  has  the  capacity 
to  heat  20  gallons  per  minute  of  salt  water 
from  32°  F.  to  85°  F.  (fig.  2).  Required 
temperatures  at  the  experimental  tanks 
are  controlled  by  blending  hot  (85°  F. 
water)  and  cool  sea  water  to  achieve  the 
desired  temperatures. 

Thermoregulators 

Thermoregulators,  relays,  and  small 
pumps  for  either  hot  or  cool  sea  water  are 
used  on  individual  tanks  to  overcome  tem- 
perature fluctuations  resulting  from  slight 
changes  in  flow,  changes  in  room  tempera- 
ture, and  changes  in  temperature  of  the 
cool  sea  water.  By  this  means,  it  is  possi- 
ble to  control  temperatures  to  within 
0.2°  F.  in  tanks  of  100-  to  200-gallon  ca- 
pacity without  insulation.  This  system 
eliminates  the  use  of  dangerous  electrical 
immersion  heaters. 


Aeration 

Two  interconnected  5-horsepower  De- 
Vilbiss  air  compressors  supply  compressed 
air  for  aeration  of  the  water  in  individual 
tanks.  Copper  piping  distributes  the 
compressed  air  around  the  laboratories. 
To  avoid  carryover  of  any  toxic  metal 
ions,  an  expansion  valve  at  the  outlet  of 
the  compressor  dries  the  air  as  it  leaves 
the  compressor.  Additional  drying  tubes 
can  be  fitted  to  individual  outlets  when 
necessary.  Compressed  air  is  distributed 
in  the  experimental  tanks  with  "air  dif- 
fuser"  or  "air  breaker  stones." 

Refrigeration 

Special  facilities  to  refrigerate  salt 
water  have  not  yet  been  acquired.  Low 
temperatures  are  obtained  naturally  dur- 
ing the  winter  months.  Some  individual 
tanks  are  maintained  in  a  controlled- 
temperature  walk-in  cold  room.  With  no 
flow  of  water  through  tanks  in  the  cold 
room,  the  water  is  aerated  to  maintain 
suitable  oxygen  content.  A  small  portable 
refrigeration  unit  with  a  stainless-steel 
cooling  coil  is  used  to  cool  single  experi- 
mental tanks. 

Reduced   salinity 

When  required,  reduced  salinities  are 
obtained  for  individual  experimental 
tanks  by  mixing  suitable  constant  flows  of 
salt  and  fresh  water. 

Filtration 

When  required,  filters  with  disposable 
cellulose  cartridges  are  used  on  the  water 
supply  to  individual  tanks. 

SPECIAL  PROBLEMS 

Electrical-power  or  equipment  failure 
has  been  anticipated  at  St.  Andrews. 
Auxiliary  generating  equipment  has  not 
been  installed  to  date  but  a  gasoline-driven 
emergency  pump  and  a  standby  electric 
pump  are  available.  In  addition,  the  res- 
ervoir has  sufficient  capacity  to  maintain 
flows  of  water  to  the  experimental  and 
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storage  tanks  for  several  hours.  Pro- 
vided there  is  no  electrical  failure,  animals 
can  be  kept  alive  during  breakdowns  in  the 
pumping  system  by  aeration  in  individual 
tanks  with  compressed  air.  In  an  emer- 
gency, the  salt-water  fire-fighting  unit  can 
be  used  to  maintain  the  required  level  of 
sea  water  in  the  reservoir. 

Although  two  possible  causes  of  super- 
saturation  with  gases  are  eliminated  in  our 
system  by  using  a  submersible  pump  and 
avoiding  air-cushion  pressure  tanks, 
heated  water  from  the  furnace  equipment 
may  be  supersaturated  at  times.  To  over- 
come this,  equilibration  columns  are  used 
for  individual  tanks  or  groups  of  tanks. 
Similar  columns,  using  nitrogen  from  cyl- 
inders of  compressed  gas,  are  used  to  pro- 
vide water  with  a  low  content  of  dissolved 
oxygen  for  special  experiments. 

ALARMS 

At  St.  Andrews,  an  alarm  system  signals 
when  water  levels  in  the  reservoir  fall  be- 
low a  predetermined  level  indicating  a 
pump  or  waterline  failure.  A  second 
alarm  system  monitors  water  supply  to 
experimental  tanks.  Alarms  at  the  tanks 
can  be  at  the  discretion  of  the  researcher. 
At  St.  Andrews,  alarms  are  incorporated 
in  an  automatic,  multipoint  temperature- 
recording  system. 

SUMMARY 

At  the  present  stage  of  evolution  of  the 
salt-water  system  at  the  St.  Andrews  Sta- 
tion, certain  difficulties  have  been  over- 
come. 

Submersible  pumps  eliminate  air  leaks 
at  the  suction  end,  a  major  cause  of  super- 
saturation  with  gases.  Except  for  the 
aluminum  and  stainless  steel  in  the  pumps, 
all  metals  have  been  eliminated  by  use  of 
plastic  pipes  and  fittings. 

The  reservoir  tank  provides  an  almost 
constant  pressure  head  and,  in  addition, 
a  reserve  supply  for  several  hours  in  case 
of  breakdown. 


Thermostatically  controlled  heated  sea 
water  maintained  by  an  oil-fired  furnace 
eliminates  practically  all  potentially 
dangerous  electrical  equipment  in  and 
around  the  experimental  tanks. 

Although  compressed  air  for  aeration 
is  distributed  in  copper  pipes,  an  expan- 
sion valve  dries  the  air  as  it  leaves  the 
compressor  to  eliminate  possible  carryover 
of  toxic  metal  ions. 

Design  of  the  system  for  easy  cleanout 
helps  to  overcome  difficulties  arising  from 
clogging  with  mussels  and  silt. 

The  system  functions  well  at  present,  but 
is  not  trouble  free.  Continued  improve- 
ment is  required. 

A  separate  feed  line  from  the  reservoir 
to  the  laboratories  is  planned  to  overcome 
present  surge  difficulties. 

Greater  duplication  of  the  system  is  re- 
quired, including  greater  attention  to 
placement  details  for  readily  accessible 
shutoffs  and  convenient  shunt  lines. 

Partial  filtration  of  the  system  is  re- 
quired to  combat  occasional  heavy  silting 
caused  by  wave  action  on  the  beach  or 
heavy  rains.  As  an  alternative,  relocation 
of  the  intake  into  deeper  offshore  water 
where  there  may  be  less  silt  is  being 
considered. 

All  the  water  from  the  tanks  runs  to 
waste.  Although  possibly  desirable,  the 
furnace  heater  is  not  equipped  with  a 
feedback  system  to  conserve  energy. 

Refrigeration  of  part  of  the  supply  is 
desirable  to  extend  the  scope  or  flexibility 
of  the  maintained  environmental  condi- 
tions. 

Insulation  of  pipes,  fittings,  and  tanks 
would  be  an  improvement  for  easier  main- 
tenance of  required  conditions,  for  con-: 
serving  energy,  and  to  increase  the  safety 
standards  of  the  establishment. 

Standby  generating  equipment  is  re- 
quired to  maintain  basic  facilities  during 
periods  of  power  failure. 


SEA-WATER  SYSTEMS  AT  THE  FRIDAY  HARBOR 
LABORATORIES  OF  THE  UNIVERSITY  OF 
WASHINGTON 

By  Robert  L.  Fernald,  Director 

Friday  Harbor  Laboratories,  University  of  Washington,  San  Juan  Island,  Wash. 

Abstract. — The  Friday  Harbor  Laboratories  are  on  San  Juan  Island,  Wash.,  in  an 
area  where  the  sea  water  is  relatively  free  from  industrial  pollution  and  fresh-water 
runoff.  Three  separate  sea-water  systems  are  in  operation.  Two  have  glass  piping 
over  the  span  of  1,500  feet  from  pumps  to  laboratories ;  the  third  has  polyethylene 
piping.  Each  has  a  hard-rubber  centrifugal  pump;  a  250-gallon,  glass-lined  receiving 
tank  maintains  a  constant  head  of  pressure  in  the  laboratories.  The  water  enters  the 
laboratories  with  little  or  no  change  in  temperature,  or  fauna. 


The  field  laboratories  for  marine  sci- 
ences at  the  University  of  Washington, 
the  Friday  Harbor  Laboratories,  are  lo- 
cated on  some  484  acres  of  shore  property 
on  San  Juan  Island,  Wash.,  approxi- 
mately 80  miles  to  the  north  of  Seattle. 
The  Laboratories  were  established  in  this 
general  area  in  1904,  and  development  on 
the  present  site  began  in  1924.  In  recent 
years,  the  past  12,  we  have  had  some  expe- 
rience in  the  design,  construction,  and 
operation  of  sea-water  systems  which  may 
prove  of  interest  to  similar  laboratory 
operations. 

At  present  we  have  in  operation  three 
more-or-less  separate  and  independent 
sea-water  systems.  However,  two  were 
designed  in  such  fashion  that  the  lines 
may  be  interconnected  and  the  water 
mixed  in  delivery  to  the  several  smaller 
laboratory  buildings.  The  three  systems 
have  a  number  of  features  in  common. 
All  draw  water  from  a  single  location 
marked  by  the  "cantilever  pier'  shown  in 
figure  1,  on  a  point  at  the  entrance  to  Fri- 
day Harbor  proper  and  projecting  into 
San  Juan  Channel  along  the  east  side  of 
San  Juan  Island.     The  sea  water  at  this 


site  is  highly  stable  in  temperature,  is 
well  mixed,  and  is  free  of  pollution  and 
fresh-water  runoff.  The  intakes  are  in 
the  rapidly  moving  current  of  sea  water 
just  below  extreme  low  water  level.  It 
is  anticipated  that  in  the  near  future  the 
intakes  will  be  lowered  an  additional  5 
feet  to  reduce  clogging  by  free-floating 
Ulva  and  other  algae  in  late  summer. 
Each  intake  by  way  of  a  3-inch  hard-rub- 
ber foot  valve  is  protected  by  a  screen  of 
polyethylene. 

In  addition  the  water  in  each  system  is 
pumped  by  a  hard-rubber-lined  centrifu- 
gal pump  powered  by  an  electric  motor. 
Both  5-hp.  and  Ti^-hp.  motors  are  in  use 
and  are  operated  continuously  when  the 
system  is  functioning.  The  suction  lift  is 
approximately  15  feet  at  low  water.  In 
each  system  the  water  is  carried  some  1,500 
feet  to  the  laboratory  area  where  it  is  de- 
livered to  a  200-gallon  glass-lined  tank 
outside  the  laboratories.  The  three  receiv- 
ing tanks  are  of  the  same  small  size  to 
avoid  holding  the  water  for  any  appre- 
ciable period  of  time  and  thus  risk  marked 
change  in  temperature  of  the  water  on  un- 
usually cold  or  hot  days.    Each  receiving 
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Figure  1. — Cantilever  pier  and  pumphouse. 


tank  is  approximately  15  feet  above  the 
level  of  delivery  to  the  sea-water  tables 
and  tanks  in  the  laboratories;  the  tank 
thus  acts  as  a  basis  for  a  controlled  grav- 
ity-feed  system  to  the  tables  and  aquar- 
iums. One  of  these  receiving  tanks  manu- 
factured by  the  Pfaudler  Company  is 
shown  in  figure  2. 

The  lines  to  the  laboratories  and  the  dis- 
tribution system  within  the  laboratories 
are  of  Pyrex  glass  pipe  with  standard  rub- 
ber gaskets  and  aluminum  flanges.  The 
outlets  to  the  individual  sea-water  tables 
and  aquariums  are  devised  from  regular 
4-  and  6-mm.  laboratory  stopcocks.  The 
assembly  for  the  stopcocks  is  illustrated 
in  figure  3.  These  have  proven  to  be  high- 
ly satisfactory  and  far  less  expensive  than 
other  commercially  available  glass  spigots. 


The  systems  differ  in  the  type  of  piping 
used  to  conduct  the  water  from  the  pump- 
ing station  to  the  receiving  tanks.  The 
oldest  system,  installed  in  1950,  and  the 
newest,  installed  in  1962,  are  of  Pyrex 
glass  pipe,  2  and  3  inches  in  diameter  re- 
spectively. Each  of  these  lines  is  insu- 
lated against  temperature  variation  by  en- 
closure in  a  sheeting  of  aluminum  over  a 
!/2-inch  thickness  of  glass  wool  in  the  2- 
inch  line  and  foam  rubber  of  similar  thick- 
ness in  the  3-inch  line.  This  insulation 
insures  delivery  to  the  sea-water  table  of 
sea  water  of  a  temperature  essentially 
characteristic  of  that  in  the  channel  from 
which  it  was  taken.  On  the  hottest  days 
of  the  summer,  when  the  temperature  is 
approximately  90°  F.,  the  change  in  tem- 
perature of  the  sea  water  is  less  than  0.5° 
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Figuee  2. — Receiving  tank. 


C.  as  it  travels  to  the  laboratory.  The  in- 
sulation for  the  2-inch  line  is  shown  in 
figure  4.  The  remaining  system  was  in- 
stalled in  1959  of  3-inch  polyethylene  pip- 
ing. This  is  virgin  grade  with  a  pressure 
test  of  75  pounds  per  square  inch  and  ap- 
proved as  completely  nontoxic  by  the  Na- 
tional Sanitation  Foundation.  This  line 
was  not  insulated  but  has  been  painted 
with  aluminum  paint.  Temperature 
change  in  the  water  along  this  line  in  hot 
weather  may  be  as  much  as  2°  C. 

Our  aquariums  and  water  tables  in  the 
laboratories  are  of  two  types.  In  the  old- 
er systems  they  have  been  constructed  from 


2-inch  Douglas-fir,  assembled  in  such  fash- 
ion that  no  metal  of  nails  or  screws  is  in 
contact  with  the  sea  water.  The  wood 
is  untreated  and  becomes  infested  with 
Bankia  and  Limnoria  each  season,  but 
these  have  been  controlled  by  rotation  of 
use  or  intermittent  use  so  that  only  a  few 
of  the  tables  and  aquariums  have  required 
replacement  in  the  period  of  almost  12 
years.  The  aquariums  are  of  simple  de- 
sign ;  in  most  cases  they  are  approximately 
50  by  24  by  12  inches  and  the  sea-water 
tables  are  approximately  50  by  42  by  4 
inches.  They  are  supported  on  frames 
constructed    from     l^-inch     iron    pipe, 
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Figure  3. — Pyrex  stopcock. 


welded    in   the   appropriate   design    and 
painted  with  rustproof  paint  (see  fig.  5) . 

In  the  research  laboratory  recently  com- 
pleted, the  aquariums  and  sea-water  tables 
have  %-inch  plexiglass  sides  and  bottoms. 
The  tanks  are  supported  on  the  pipe 
frames  on  sheets  of  %-inch  marine  ply- 
wood to  avoid  putting  stress  on  the  plexi- 
glass. In  addition,  the  new  research  build- 
ing is  equipped  with  a  few  reinforced-con- 
crete  tanks  of  different  sizes  and  shapes. 
Among  the  more  useful  are  two  circular 
tanks  8  feet  in  diameter  and  30  inches 
deep.  These  are  especially  well  adapted 
for  the  maintenance  of  more  rapidly  mov- 


ing and  swimming  animals  such  as  squid 
and  fish.  Another  concrete  tank  is  a  large 
rectangle,  5  by  10  feet,  varying  in  depth 
from  1  to  3  feet.  Other  concrete  tanks  are 
developed  as  double-deck  water  tables,  3 
feet  wide,  8  inches  deep,  and  as  long  as 
14  feet,  with  17  inches'  clearance  between 
the  two  tanks. 

In  carefully  conducted  tests  to  deter- 
mine the  suitability  of  a  wide  variety  of 
plastics  and  substitute  piping  materials 
for  use  in  sea-water  systems,  we  found 
nothing  more  satisfactory  than  Pyrex 
glass.  Many  materials  proved  quite  un-  ■ 
satisfactory  and  some  essentially  useless.] 


SEA- WATER    SYSTEMS    AT    FRIDAY    HARBOR    LABORATORIES 


135 


Figure  4. — Insulated  glass  line  from  cantilever  pier  to  receiving  tanks. 


Polyethylene  of  virgin  grade  and  highest 
quality,  while  sometimes  varying  from  one 
production  lot  to  another,  proved  superior 
to  other  commonly  recommended  plastics. 
While  many  of  these  plastics  are  adver- 
tised as  "nontoxic  to  humans"  and  appear 
to  have  no  obviously  deleterious  effect  on 
many  adult  marine  invertebrates,  they 
may  block  developmental  stages  or  cause 
serious  abnormalities  of  differentiation. 

Developing  eggs  and  embryos  of  the 
purple  sea  urchin,  Strongly ocentrotus  pur- 
puratus,  have  been  used  to  real  advantage 
as  test  subjects  to  determine  the  toxicity 
of  various  possible  materials  for  use  in  sea- 
water  systems.  Since  they  have  been  used 
extensively  as  experimental  material  in 
this  laboratory,  their  development  is  very 
well  known  and  any  variation  from  the 
normal  in  rate  or  kind  of  development  can 


be  readily  detected.  In  addition  they  are 
quite  sensitive  to  heavy  metals  and  other 
toxic  agents  and  the  presence  of  minute 
quantities  of  such  is  usually  reflected  in 
dramatic  change  in  the  normal  pattern  of 
development. 

As  will  have  been  noted,  there  is  no 
filtering  of  the  sea  water  pumped  through 
our  systems.  The  water  arrives  at  the 
tanks  with  the  usual  complement  of  plank- 
tonic  organisms,  and  plankton  feeders 
thrive  in  the  tanks  and  aquariums.  In  ad- 
dition, since  the  system  is  essentially  free 
from  toxic  agents,  the  walls  of  the  pipes 
provide  settling  space  for  larvae  of  many 
sessile  forms  and  other  animals  taken  in 
at  the  intake.  Thus  the  system  supports 
a  considerable  growth  of  barnacles,  mus- 
sels, limpets,  etc.,  as  operation  continues. 
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Figure  5. — Distribution  system,  water  tables,  and  aquariums. 


Experience  has  indicated  that  the  best 
method  of  removal  of  excessive  growth  is 
by  mechanical  cleaning  of  the  lines.  Fresh 
water,  hot  or  cold,  and  acids  have  proved 
to  be  too  slow  and  inefficient  to  eliminate 
this  growth,  and  a  simple  dismantling  of 
certain  of  the  joints  followed  by  pulling 
of  various-sized  rubber  stoppers  through 
the  line  has  proved  more  satisfactory  and 
constitutes  a  less-time-consuming  inter- 
ruption to  service.  Such  a  cleaning  is  re- 
quired annually  throughout  the  system 
and  more  frequently  in  certain  sections. 
Excessive  growth  of  diatoms  within  the 
glass  lines  has  been  controlled  with  some 
success  by  covering  the  lines  with  sheets 
of  aluminum  foil. 

In  evaluating  the  systems  which  we  now 
have  in  operation  at  the  Friday  Harbor 
Laboratories,  there  is  no  question  but  that 


the  combination  of  a  pump  lined  with  hard 
rubber,  a  well-insulated  line  of  Pyrex  glass 
pipe  coupled  by  rubber  gaskets,  a  receiv- 
ing tank  with  glass  lining,  and  sea-water 
tables  and  aquariums  of  wood  or  plexiglass 
give  assurance  that  the  system  will  deliver 
water  with  physical  characteristics  as 
nearly  like  those  of  the  water  at  the  source 
where  the  intake  operates  and  as  free  from 
contamination  with  heavy  metals  as  can 
be  desired.  In  a  laboratory  such  as  ours, 
where  the  demands  for  sea  water  are  such 
that  not  only  must  a  copious  supply  be 
maintained  but  also  it  must  be  nearly  the 
temperature  of  the  channel  water  and  as 
free  from  contamination  or  toxic  agents 
as  possible  to  assure  optimal  culture  con- 
ditions for  everything  from  embryos  of 
invertebrates  to  various  algae  and  fish,  the 
glass  systems  which  we  have  are  excellent. 


OREGON  FISH  COMMISSION'S 

SALT-WATER  SYSTEM  AT  NEWPORT,  OREGON 

By  C.  Dale  Snow 

Research  Laboratory,  Oregon  Fish  Commission,  Newport,  Oreg. 

Abstract. — This  paper  describes  a  simple  salt-water  system  used  at  the  Oregon  Fish 
Commission's  shellfish-research  laboratory  at  Newport,  Oreg.,  and  discusses  some  of 
the  problems  in  maintaining  and  operating  such  systems. 


Our  salt-water  system  at  Newport, 
Oreg.,  is  simple  and  is  illustrated  in  figure 
1.  Water  is  pumped  into  a  750-gallon 
Douglas-fir  tank  that  has  been  treated  with 
biturine  to  slow  down  damage  by  Teredos 
and  Limnoria.  The  pump  in  use  is  a  1- 
inch  Jabsco  powered  by  a  ^-horsepower 
electric  motor,  but  a  Gould  pump  with 
glass  liner  and  impeller  would  be  far 
superior.  Pumping  is  regulated  by  an 
Allen-Bradley  float  switch  that  can  be  op- 
erated automatically  or  manually.  Place- 
ment of  the  outlet  from  the  tank  6  inches 
above  the  bottom  reduces  the  amount  of 
sediment  pumped  into  the  aquarium  trays. 
For  piping  water  from  the  tank  to  the 
aquarium  we  use  1-inch  Portco  plastic  pipe. 
Aquarium  trays  are  made  of  %-inch  ma- 
rine plywood  that  is  also  treated  with 
biturine.  The  water  supply  into  the  aqua- 
rium enters  through  one  to  four  tee- joints 
placed  in  the  salt-water  line.  Each  tee 
has  a  rubber  stopper  with  a  1,4-inch  glass 
tube  through  the  center  and  a  piece 
Df  surgical  tubing  on  the  end  to  which  a 
screw  clamp  is  attached.  The  amount  of 
water  entering  is  regulated  by  this  clamp 
ind  the  free  fall  into  the  aquarium  aids 
n  aeration.  A  1-inch  hole  with  a  rubber 
stopper  and  a  %-inch  glass- tube  standpipe 
regulates  depth  of  water.  To  clean  the 
rays,  the  stopper  is  removed  and  the  trays 


are  scrubbed  with  a  heavy  brush  as  the 
water  drains  out.  This  system,  while 
quite  simple,  has  proven  to  be  adequate 
for  our  purpose  of  holding  animals  (clams, 
crabs,  etc.)  for  various  studies. 

The  biggest  problem  with  this  system 
has  been  fouling  of  the  water  lines  by 
mussels  and  barnacles.  To  combat  this 
we  periodically  flush  the  lines  with  hot 
water  during  the  spring  and  summer 
months  to  control  settling  and  survival  of 
these  animals.  If  the  lines  are  neglected 
and  growth  becomes  too  heavy  then  the 
lines  must  be  disassembled  and  a  half- 
strength  Clorox  solution  run  through  the 
pipe.  This  solution  dissolves  the  byssal 
threads  of  the  mussels  and  allows  the  mus- 
sels to  be  flushed  out.  If  Clorox  is  used, 
the  lines  must  then  be  thoroughly  flushed 
before  they  are  used  again.  I  would  rec- 
ommend that  salt-water  lines  be  put  to- 
gether in  such  a  manner  and  position  that 
they  can  be  taken  apart  easily  for  periodic 
cleaning. 

In  our  salt-water  system  the  outlet 
placed  well  above  the  bottom  has  proven 
adequate  in  allowing  sediments  to  drop  out 
and  it  holds  to  a  minimum  the  sediments 
entering  the  aquarium.  Periodically  we 
allow  the  level  to  drop  down  so  that  the 
bottom  sediments  can  be  removed  with  a 
garden  hose  siphon.     A  recent  innovation 
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Figure  1.— Marine  aquarium  of  the  Oregon  Fish  Commission,  Newport,  Oreg. 


in  some  water  tanks  is  the  lining  of  the 
tank  with  a  polyethylene  sheet.  This  not 
only  discourages  Teredos  and  Limnoria 
but  facilitates  cleaning  of  the  tank. 
Cleaning  merely  involves  removal  of  the 
polyethylene  which  can  be  hosed  off.  Un- 
fortunately, with  the  polyethylene  liner 
you  must  depend  upon  siphoning  action 
for  your  water  supply. 

Equipment  failure  has  been  a  minor 
problem  in  our  system.  This  is  particu- 
larly true  where  the  storage  tank's  capac- 
ity is  such  that  it  will  supply  water  for 
several  hours.  We  try  to  keep  a  spare 
motor  and  impeller  for  the  pump  on  hand 
at  all  times,  as  these  are  the  two  items 
most  likely  to  cause  trouble. 

The  selection  of  a  pump  for  a  salt-water 
system  depends  much  on  the  use  to  which 
the  water  will  be  put.  In  our  work  the  1- 
mch  Jabsco  pump  has  proven  highly  satis- 
factory, but  for  some  work  this  would  be 


inadequate,  particularly  in  oyster  or  larvae 
work.  The  brass  liner  in  this  pump  can 
cause  trouble.  For  larval  rearing  or  oys- 
ter studies  a  pump  with  a  glass  liner  and 
impeller  is  far  better. 

Toxicity  of  components  within  the  salt- 
water system  is  highly  important  when 
you  are  working  with  larval  forms  or  con- 
dition studies.  This  toxicity  can  come 
from  a  number  of  sources:  (1)  The  liner 
or  impeller  of  the  pump;  (2)  materials 
used  to  treat  the  tanks  and  aquarium 
trays;  and  (3)  some  plastics  used  for 
pipes  or  tank  liners.  In  general  it  is  best 
to  avoid  all  metals  within  the  system. 
Plastics  such  as  Portco  piping,  polyethyl- 
ene, and  some  of  the  new  marine  resins 
are  nontoxic  to  most  invertebrate  larvae 
and  have  proven  satisfactory  in  most  in- 
stances. Cements  with  high  lime  contents 
should  be  avoided  unless  the  material  has 
been  cured  for  several  years  in  salt  water. 
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I  prefer  storage  tanks  as  a  source  of  all  tide  and  salinity  phases.     With  a  tank 

water   supply.     A   tank   has  several   ad-  you  can  pump  during  the  high  water  when 

vantages  over   a   continuous-flow  pump:  salinity  is  greatest,  thus  holding  salinity 

(1)  better  salinity  control,  (2)  water  re-  at    a   level   you   desire.     However,   wood 

serve  in  case  of  pump  failure,  and  (3)  sed-  tanks,  if  not  lined  with  polyethylene  or 

iment  control.     In  an  estuarine  situation  treated,  will  be  destroyed  by  marine  boring 

a  continuous-flow  pump  picks  up  water  at  organisms  such  as  Teredos  or  Limnoria. 
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AN  ANNULAR  TANK  FOR  SEA  FISHES 

By  Allan  C.  DeLacy,  Professor  of  Fisheries 

University  of  Washington,  Seattle,  Wash. 

Abstract.— The  College  of  Fisheries  of  the  University  of  Washington  maintains  an 
8,000-gallon  recirculating  sea-water  system.  A  2,000-gallon  annular  tank  has  enhanced 
growth  and  longevity  of  certain  fish  species.  Light  and  temperature  control  afford 
flexibility  in  establishing  artificial  environments. 


The  College  of  Fisheries  at  the  Uni- 
versity of  Washington  maintains  a  recir- 
culating salt-water  system  with  a  total  ca- 
pacity of  about  8,000  gallons.  Rubber- 
lined  steel  pipes,  sumps,  and  storage  tanks 
are  prominent  features  of  the  system. 
Twelve  rectangular  aquariums  of  concrete 
and  glass,  a  2,000-gallon  annular  tank  of 
rubber-lined  steel,  and  a  single  450-gallon 
fiberglass-lined  wooden  tank  comprise  the 
permanent  fish-holding  facilities.  Addi- 
tional important  features  of  the  system  are 
the  sand  filters,  temperature-control  equip- 
ment, and  flexibility  which  permits  the  en- 
tire system  to  be  operated  as  a  unit  or 
allows  subdivision,  into  two  independent 
systems,  one  for  cooling  and  one  for  warm- 
ing sea-water  as  desired.  Temperatures 
commonly  fluctuate  less  than  1°  F.  from 
a  chosen  level. 

The  annular  tank  (fig.  1)  has  proved 
to  be  a  feature  of  particular  interest  in 
the  College  of  Fisheries  salt-water  sys- 
tem. It  is  simply  a  3-foot-wide  annular 
channel  with  an  outer  diameter  of  10  feet. 
A  water  depth  of  4  feet  is  maintained. 
Two  inlets  discharge  into  the  surface  at  a 
ilight  angle  thereby  producing  a  weak  cir- 
cular current  in  the  tank.  Four  evenly 
spaced  surface  openings  on  the  inner  wall 
serve  as  outlets.  A  bottom  outlet  is  used 
vhen  the  water  level  is  to  be  lowered, 
light   16-inch-square  glass  ports  in  the 


outer  wall  and  four  in  the  inner  wall  per- 
mit lateral  viewing  and  photography  of 
contained  specimens. 

Active  fish  cruise  around  and  around  in 
the  annular  tank  making  infrequent  con- 
tact with  the  sides.  A  fingerling  silver 
salmon  (Oncorhynchus  Msutch)  was 
reared  to  maturity  (5  pounds)  in  the  tank 
without  experiencing  the  deformities  and 
damage  to  the  snout  which  accompany  con- 
finement in  the  smaller  (200-gallon)  rec- 
tangular aquariums.  Two  ratfish 
(Hydrolagus  colliei)  lived  3  years  in  the 
tank  and  finally  died  after  an  operational 
error  which  permitted  a  temporary  but 
severe  temperature  increase.  A  skilfish 
(Erilepis  zonifer)  introduced  to  the  tank 
as  a  3-pound,  17-inch  fish  weighed  36 
pounds  and  measured  39  inches  in  total 
length  after  6  years. 

Total  water  use  by  all  aquariums  aver- 
ages about  20  gallons  a  minute.  Over  a 
period  of  several  months,  salinity  may 
fluctuate  through  a  range  of  1  part  per 
thousand,  and  pH  may  decrease  by  a  half 
a  unit.  Frequency  of  water  replacement 
is  related  to  type  and  number  of  orga- 
nisms being  held  but  in  general  from  one- 
half  to  three-quarters  of  the  water  in  the 
system  is  replaced  three  or  four  times  a 
year.  NewT  water  is  brought  to  the  cam- 
pus by  wooden  barge  from  nearby  Puget 
Sound. 
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Figure  1. — Annular  tank  at  the  aquarium  of  the  College  of  Fisheries,  University  of  Washington, 

Seattle,  Wash. 


The  sand  filters  have  given  satisfactory 
service  since  the  initial  operation  of  the 
aquarium  system.  A  gradual  decrease  in 
filtration  rate  usually  occurs  over  a  period 
of  several  weeks.  Occasional  stirring  of 
the  sand  accelerates  filtration,  but  full 
efficiency  is  regained  only  by  backwashing 
the  filters.  Fresh  water  is  used  for  back- 
washing. 

An  addition  to  the  salt-water  system  as 
originally  constituted  is  a  fiberglass-lined 
wooden  tank  39  inches  wide  by  24  inches 
deep  by  10  feet  long.  The  fiberglass  lining 
of  the  tank  proved  to  be  satisfactory  and 
remains  in  good  condition  after  42  months 
of  continuous  service. 


A  problem  involving  fish  behavior  arose 
in  connection  with  lighting.  All  aquar- 
iums are  in  an  interior  room  with  no  ex- 
posure to  daylight.  Sudden  illumination 
of  the  room  caused  some  species  to  dart 
wildly  about,  striking  sides  or  bottom  of 
aquariums  or  sometimes  leaping  out  of  the 
tanks.  An  effective  solution  was  de- 
veloped by  installation  of  an  auxiliary 
room  light  controlled  by  a  time  clock 
which  activates  a  motor-driven  rheostat. 
The  light  comes  on  or  goes  off  over  a  half- 
hour  period,  and  the  duration  of  "night" 
and  "day"  can  be  adjusted  as  desired.  In 
practice  the  time  clock  is  reset  several 
times  a  year  to  simulate  the  lengthening 
and  shortening  of  days  by  season. 


SEA- WATER  SYSTEM  OF  THE  MARINE  LABORATORY 
OF  THE  UNIVERSITY  OF  CALIFORNIA, 
SANTA  BARBARA 

By  Donald  K.  Joice,  Office  of  Architects  and  Ensineers, 
and  Demorest  Davenport,  Department  of  Biological  Sciences, 
University  of  California,  Santa  Barbara,  Calif. 

Abstract. — The  sea-water  intake  system  of  the  Marine  Laboratory  of  the  University 
of  California,  Santa  Barbara,  lies  in  the  tidal  zone  of  the  campus  beach.  The  48-square 
foot  filter,  a  concrete  box  filled  with  graded  aggregates  and  having  a  perforated  collection 
header  at  the  bottom,  is  located  at  low-tide  level.  The  filtered  water  is  carried  to  the  lab- 
oratory through  a  buried  pipe  under  the  suction  of  a  shore-based  jet  pump.  As  a  cleaning 
device,  the  surf's  constant  agitation  of  the  beach  sand  over  the  filter  has  contributed  to 
giving  an  uninterrupted,  maintenance-free  service  of  35  gallons  per  minute  for  over  4  years. 


The  sea-water  system  of  the  Marine 
Laboratory  on  the  campus  of  the  Uni- 
versity of  California,  Santa  Barbara,  is 
made  up  of  three  basic  components:  a 
sand  filter  intake  unit  located  in  the  surf 
approximately  400  feet  from  the  shoreline, 
a  jet-type  pump  assembly,  and  a  reservoir 
head  tank  combination  located  on  shore 
near  the  laboratory. 

The  filter  unit  has  been  in  operation  al- 
most continuously  for  4  years  without  any 
malfunction,  or  any  maintenance.  The 
pumping  portion  of  the  system  has  re- 
quired only  the  type  of  maintenance  and 
replacement  program  normal  to  any 
pumping  plant, 

This  paper  will  deal  primarily  with  the 
sea-water  intake  unit,  which  is  the  critical 
component  of  the  system.  Figure  1  shows 
the  relations  of  the  three  components. 

The  physical  characteristics  of  the  cam- 
pus beach  placed  certain  limitations  on  the 
installation.  The  beach  floor  is  of  an  im- 
permeable but  relatively  soft  monolithic 
shale  which  is  known  to  be  over  a  thousand 
feet  deep.  This  shale,  with  a  surface 
elevation  of  1.5  feet  at  the  shoreline,  tapers 


off  slightly  over  a  foot  in  400  feet.  From 
this  point  it  slopes  off  at  a  more  acute 
angle,  dropping  approximately  3  feet  in 
the  next  100  feet.  In  certain  winter 
months  the  wind  and  tides  clear  virtually 
all  sand  from  the  shale  leaving  it  as  barren 
as  a  table.  At  such  periods  the  surf  comes 
within  a  few  feet  of  the  shoreline.  During 
the  summer  months  tidal  action  redeposits 
the  sand  on  the  beach  to  a  depth  of  from 
2  to  6  feet.  During  these  periods  the  surf 
will  be  held  out  as  much  as  400  feet  from 
the  shoreline. 

The  intake  filter  unit  is  a  flat  reinf  orced- 
concrete  box  (fig.  1) ,  with  6-inch  walls  and 
bottom,  6  feet  by  8  feet  by  2%  feet  inside 
dimensions.  A  header  made  up  of  4-inch 
cast-iron  bell-and-spigot  crosses  runs  the 
length  of  the  box  at  the  bottom.  Ten  cast- 
iron  perforated  laterals,  2  inches  in  di- 
ameter, are  lead-caulked  into  the  header. 
The  box  is  filled  with  graded  aggregate  to 
form  the  filter,  the  purpose  of  which  is  to 
screen  out  sand  and  flotsam. 

The  filter  unit  is  buried  in  the  floor  of  the 
beach,  the  top  being  approximately  level 
with  the  shale  floor  at  elevation  — 1.5.    The 
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Figure  1. — Piping  diagram  and  cut-away  view  of  filter  box  in  sea-water  system  of  the  Marine 
Laboratory  of  the  University  of  California,  Santa  Barbara,  Calif. 


beach  sand  covering,  ranging  in  depth 
from  18  inches  to  approximately  48  inches, 
depending  on  the  season,  augments  the 
integral  filter  media  of  the  unit.  The  area 
over  the  filter  is  covered  with  water  for  all 
but  a  few  of  the  lowest  tides  of  the  year. 
The  unit  is  connected  to  the  shore  installa- 
tions by  a  4-inch  asbestos-cement  pipe  suc- 
tion line  which  is  also  buried  and  concreted 
in  the  beach  floor  shale,  to  protect  it 
against  tidal  action. 

The  size  of  the  filter  unit  was  determined 
by  a  number  of  factors,  all  of  which  were 
strongly  influenced  by  economic  consider- 
ations. The  prefabricated  unit,  with  48 
square  feet  of  filter  area,  was  designed  to 
provide  the  30  gallons  per  minute  required 
for  a  small  marine  laboratory.  Weighing 
approximately  10  tons,  it  was  of  a  size  and 
shape  that  could  be  readily  hoisted  on  and 
off  a  truck  or  trailer. 

The  total  beach  installation  was  com- 
pleted in  1  day  between  a  high  and  low 
tide.  As  the  high  tide  began  to  recede, 
bulldozers  followed  it  out,  clearing  the  3 
feet  of  sand  from  the  strip  which  was  to 


be  trenched  for  the  pipe  installation.  As 
the  bulldozers  left  the  shore  they  were  fol- 
lowed by  the  survey  crew,  who  set  grade 
stakes  and  were  in  turn  followed  by  the 
trenching  machine.  The  pipe-laying  crew, 
assisted  by  portable  pumps  to  remove  seep- 
age from  the  trench,  came  only  a  few  yards 
behind.  As  soon  as  four  or  five  lengths  of 
pipe  had  been  installed  and  fixed  in  place, 
transit-mix  cement  trucks  poured  concrete 
over  the  line.  In  preparation  the  bull- 
dozers pushed  the  sand  into  revetments 
along  the  course  of  the  project.  These 
revetments,  which  averaged  about  8  feet 
high,  enclosed  the  total  work  site  on  the 
ocean  side  and  served  as  a  cofferdam  to 
hold  back  the  incoming  tide  late  in  the 
afternoon.  This  gave  the  construction 
crew  an  additional  4  hours  of  time  which 
the  tides  would  not  have  otherwise  per- 
mitted. 

A  depression  approximately  36  inches 
deep  was  bulldozed  out  for  the  filter  loca- 
tion, and  the  filter  was  lowered  into  place. 
It  was  then  fitted  with  a  reinforced-rubber 
suction  hose,  the  flexibility  of  which  al- 
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lowed  the  final  connection  to  the  rigid 
asbestos-cement  pipe  line.  Bolted  flanges 
were  used  on  these  field  connections  to 
further  speed  the  installation. 

Whereas  this  filtering  system  borrowed 
some  of  the  characteristics  of  the  rapid 
sand  filter  used  for  industrial  and  munici- 
pal water  handling,  the  controlled  condi- 
tions under  which  a  rapid  sand  filter  is 
backwashed  and  maintained  were  consid- 
ered impossible  to  attain  in  a  varying  tidal 
zone  situation.  It  was  therefore  deter- 
mined to  establish  a  rate  of  flow  which 
would  be  so  slow  that  the  dirt  absorption  in 
the  filter  would  be  negligible.  By  utilizing 
this  reduced  flow  it  was  assumed  that  air 
bubbles  which  result  from  the  negative 
pressures  developed  in  high-rate  filters 
would  not  collect  to  halt  the  flow.  In  a 
small  test  filter  model  1  foot  thick  it  was 
observed  that  the  rate  of  water  flow 
through  local  beach  sand  was  slightly  over 
1  gallon  per  minute  per  square  foot  under 
a  head  of  1  foot.  Knowing  that  there 
would  be  tidal  heads  of  up  to  8  feet  over 
the  filter,  which  would  increase  its  effi- 
ciency, a  design  rate  of  0.65  gallon  of  water 
per  square  foot  per  minute  appeared  safe. 
This  rate  has  been  maintained  for  4  years 
of  operation  with  no  evidence  of  a  de- 
crease. 

The  only  apparent  explanation  for  the 
lack  of  servicing  demanded  by  this  system 
is  its  location  in  the  surf.  It  is  situated 
at  a  point  where  there  is  nearly  always 
a  strong  tidal  action  and  constant  move- 
ment of  sand  over  it.  This  sand  move- 
ment, it  is  believed,  has  served  as  an  auto- 
matic filter-cleaning  device.  The  first  18 
inches  of  beach  sand  immediately  cover- 
ing the  unit  is  thought  to  remain  rela- 
tively undisturbed  except  for  heavy  storms 
of  a  severity  which  is  expected  only  once 
in  several  years.  The  sand  above  this 
point  is  known  to  be  constantly  shifting 
|  under  the  normal  movement  of  the  surf. 

Although  it  was  assumed  during  the 


system's  design  that  the  shifting  of  the 
beach  sand  would  help  maintain  the  filter- 
ing qualities  of  the  unit,  it  was  also  pre- 
sumed that  the  periodic  replacement  of 
the  surface  material  would  be  relatively 
inexpensive  if  trouble  developed.  A 
south-coast  oil  refinery  sea-water  intake 
system  which  utilized  a  beach-sand  filter 
operated  successfully  for  about  2  years 
before  becoming  sealed  up  by  accumula- 
tion of  organisms  in  the  sand  above  it. 
This  unit,  which  was  nonportable,  was 
located  near  the  shoreline  where  there  was 
only  an  occasional  tidal  flow  over  it.  It 
depended  largely  on  lateral  infiltration 
through  the  sand.  It  was  reported  to  have 
been  maintained  in  operation  after  the  first 
stoppage  by  a  periodic  chlorine  sprinkling 
treatment  of  the  sand  over  the  filter.  In 
anticipation  of  such  a  development  the 
UCSB  installation  was  provided  with  a 
connection  to  the  campus  domestic  water 
system.  It  was  assumed  that  a  fresh- 
water back-rinse  would  help  control  such 
growths.  None  have  been  detected  to 
date,  and  the  sea  water  in  the  laboratory 
is  to  all  intents  and  purposes  plankton 
free. 

The  choice  of  a  pumping  system  as  in 
the  case  of  the  filters  was  determined  in 
part  by  the  limited  finances  available.  The 
most  economical  installation  on  a  first-cost 
basis  was  considered  to  be  a  jet-pump 
installation.  This  system  consists  of  a 
high-head  centrifugal  pump  energizing  a 
venturi  which  creates  the  negative  head  to 
draw  up  the  ocean  water.  The  centrif- 
ugal pump  operates  in  a  loop  arrange- 
ment. It  draws  its  water  from  the  head 
tank,  discharges  it  through  the  venturi 
back  into  the  head  tank.  For  each  gallon 
of  water  pumped  through  the  venturi 
approximately  1  gallon  of  fresh  sea  water 
is  drawn  in  from  the  ocean  and  discharged 
into  the  head  tank.  The  head  tank  holds 
2,000  gallons  of  sea  water  which  will  nor- 
mally supply  the  laboratory  and  the  re- 
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circulating  centrifugal  pump  for  several 
hours  even  though  the  sea-water  intake  is 
temporarily  interrupted  by  a  low  tide. 
As  the  rising  tide  covers  the  filter  unit  the 
suction  from  the  venturi  automatically  re- 
establishes the  sea-water  flow.  The  cen- 
trifugal pump  is  protected  from  running 
dry  by  a  float  switch  in  the  head  tank 
which  breaks  the  circuit  in  the  event  the 
tank  water  level  drops  too  low. 

The  economy  of  the  jet  system  stems 
from  its  versatility  of  location.  It  can  be 
located  considerably  above  the  source 
water  level  and  still  afford  a  reliable  auto- 
matic priming  function.  To  have  in- 
stalled a  centrifugal  turbine  pump,  which, 
budget  permitting,  would  have  been  seri- 
ously considered,  the  pump  would  have 
had  to  be  located  at  elevation  1.5,  the 
terminal  level  of  the  pipe  from  the  filter 
unit.  Priming  could  have  been  assured 
only  by  having  the  pump  at  this  elevation, 
which  is  below  the  level  of  the  ocean. 
The  higher  comparative  cost  of  this  instal- 
lation would  have  developed  from  the 
pump  house  itself.  Instead  of  being 
located  in  a  frame  structure  on  the  shore 
at  elevation  9.0  as  was  the  jet-pump 
installation,  the  turbine  pump  would  have 
required  a  reinforced-concrete  vault  with 
foundations  at  elevation  —4.5. 

Although  the  simplicity  of  the  jet-pump 


automatic  priming  and  control  system  pre- 
sents great  advantages,  in  view  of  the 
demands  made  upon  it  by  the  specific 
environmental  conditions,  the  relative  in- 
efficiency of  its  operation  as  compared  to 
a  turbine  pump  should  be  considered.  For 
example,  in  the  system  exhibited  in  figure 
1,  a  10-horsepower  motor  for  the  jet-pump 
system  is  required  to  deliver  30  gallons 
per  minute  of  ocean  water,  whereas  a  1- 
horsepower  motor  would  accomplish  the 
same  work  with  a  direct  turbine  pumping 
unit.  This  ratio  of  10  to  1,  if  reflected  in 
electrical  energy  costs,  becomes  highly 
significant  in  equipment  that  operates  con- 
tinuously. 

The  above  described  system  at  present 
serves  a  small  temporary  laboratory  con- 
taining approximately  twenty  10-gallon 
and  eight  25-gallon  aquariums.  There  are 
three  large  table  aquariums  receiving  run- 
ning sea  water  in  an  outdoor  installation. 

Building  schedules  call  for  a  tenfold 
expansion  of  present  facilities  in  a  perma- 
nent building,  partially  funded  by  the  Na- 
tional Science  Foundation,  by  June  of 
1964.  All  laboratories  will  be  provided 
with  running  sea  water.  The  sea-water 
system  of  this  new  permanent  plant  will 
be  a  modification  of  the  present  installa- 
tion, employing  multiple  units  of  the  same 
filter  box. 
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Abstract. — A  description  of  the  original  sea-water  system  of  the  Point  Whitney  Shell- 
fish Research  Laboratory  of  the  Washington  State  Department  of  Fisheries  includes 
local  hydrographic  conditions,  piping,  storage,  pumps,  distribution  facilities,  automatic 
controls,  and  provisions  for  cleaning.  Considerations  of  cost,  toxicity,  materials  avail- 
able, and  dependability  determined  the  design.  Although  many  of  the  operational 
problems  inherent  in  this  type  of  installation  were  solved  initially,  additional  ones  came 
to  light  with  operation  of  the  system.  Some  of  these  were  subsequently  eliminated  by 
modification  of  various  components,  and  others  simply  borne  as  limitations  of  the  sys- 
tem. Later  additions  to  the  storage  facilities  and  piping  utilized  new  nontoxic  plastics 
to  expand  capacity  and  versatility  and  eliminate  damage  from  boring  and  fouling 
organisms.  The  effect  of  green  concrete  on  quality  of  water  was  recognized.  Recom- 
mendations for  improvements  to  the  present  system  and  for  development  of  a  new 
system  are  made. 


The  Point  Whitney  Shellfish  Labora- 
tory of  the  State  of  Washington  Depart- 
ment of  Fisheries  is  on  the  west  shore  of 
Dabob  Bay  in  Hood  Canal,  about  60  miles 
by  road  from  Seattle.  At  this  point 
Dabob  Bay  is  approximately  iy2  miles 
wide,  has  a  narrow  intertidal  zone,  and 
is  600  feet  deep  in  the  middle.  Extreme 
tidal  range  is  17  feet.  Surface  tempera- 
tures range  from  6°  C.  in  winter  to  21°  C. 
in  summer,  and  salinity  ranges  from  30 
parts  per  thousand  in  winter  to  24  parts 
per  thousand  in  summer.  Details  of  the 
hydrography  of  Dabob  Bay  are  described 
by  Westley  (1956).  Construction  of  the 
laboratory  was  completed  in  1953,  using 
an  initial  appropriation  of  $89,000.  The 
sea-water  system  was  incorporated  into 
the  building  for  use  in  conducting  physio- 
logical experiments  and  bioassays  and  for 
live  holding  of  oysters,  clams,  crabs, 
shrimps  and  other  marine  invertebrate 
animals.  The  system  was  relatively  small, 
since  the  required  uses  did  not  include 


public  aquarium  displays  or  vertebrate  fish 
holding  facilities. 

CONSTRUCTION  AND  OPERATION 

Construction  and  operation  of  a  sea- 
water  system  suitable  for  invertebrate  an- 
imals has  required  the  solution  of  many 
problems.  The  resultant  system  was  a 
compromise  between  cost,  toxicity,  mate- 
rials available,  and  dependability.  The 
design  was  based  on  recommendations  by 
fishery  researchers  on  both  the  Atlantic 
and  the  Pacific  coasts  and  our  own  pre- 
vious experience  with  a  smaller  system  at 
the  Gig  Harbor  Laboratory. 

Funds  were  insufficient  to  permit  con- 
struction of  duplicate  continuous-pump- 
ing sea-water  systems.  Therefore  a 
single-line  system  having  foot  valve,  4- 
inch  main  lines,  main  pump,  standby 
pump,  and  10,000-gallon  wood  storage 
tank  was  designed.  Solutions  to  most  of 
the  problems  peculiar  to  sea-water  systems 
for    invertebrates    have    been    achieved 
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through  initial  design  and  construction 
features,  and  by  subsequent  modifications 
to  correct  deficiencies  and  extend  the  sys- 
tem for  additional  uses.  The  problems 
and  solutions  we  used  are  briefly  described 
in  the  remainder  of  this  report. 

Toxicity  of  the  system  was  reduced  as 
much  as  possible  by  the  use  of  Johns- 
Manville  Transite  pipe  for  those  portions 
of  the  lines  which  were  outside  the  labora- 
tory building,  extending  from  the  lower 
end  of  the  suction  line  into  the  building 
and  from  the  building  to  the  sea-water 
storage  tank.  Inside  the  building,  main 
lines  were  of  4-inch  threaded  hard  rubber 
with  2-inch  hard-rubber  distribution  lines 
carrying  sea  water  to  the  aquarium  area, 
and  half-inch  hard-rubber  lines  to  indi- 
vidual laboratory  sinks.  Originally  the 
only  metal  in  contact  with  sea  water  con- 
sisted of  a  cast-iron  foot  valve,  three  cast- 
iron  elbows,  a  60-  by  32-inch  steel  plate 
covering  the  top  of  the  suction  screen  box, 
six  cast-iron  flanges,  and  four  threaded 
steel  pipe  adapters  used  to  connect  the 
pump  to  the  suction  box  and  main  dis- 
charge lines.  Several  types  of  protective 
coatings  have  been  used  on  metal  parts 
exposed  to  sea  water.  In  order  of  use  they 
were:  Nitrose,  Atco  carbon  elastic  black, 
Gaco,  epoxy  resin,  and  powdered  poly- 
ethylene. None  of  these  has  provided  com- 
plete protection,  but  in  general  epoxy  resin 
and  powdered  polyethylene  appear  most 
satisfactory.  A  major  source  of  metal 
contact  was  the  steel  suction-box  cover, 
which  was  finally  protected  with  a  y2~ 
inch-thick  neoprene  blanket  used  as  a 
gasket  between  cover  and  sea  water  in  the 
box.  In  time  most  of  the  cast-iron  and 
steel  flanges  and  adapters  were  replaced 
with  threaded  Uscolite  pipe. 

The  main  pump  from  the  beginning 
was  an  Ace  Hard  Rubber  Company  2%- 
inch  WEFM  pump  driven  by  a  7y2-horse- 
power  single-phase  electric  motor.  The 
standby  pump  was  a  1-inch  1-horsepower 


Gardner-Denver  cast-iron  centrifugal 
pump.  Because  of  cost  as  well  as  antici- 
pated corrosion  difficulties,  valves  were 
kept  to  a  minimum.  Originally  only  two 
4-inch  rubber-lined  diaphragm  valves 
were  incorporated  in  the  discharge  lines, 
positioned  so  as  to  permit  direct  pumping 
without  use  of  the  storage  tank,  or  to  per- 
mit use  of  storage-tank  water  only  and 
allow  dewatering  of  intake,  suction  screen 
box,  pump,  and  initial  section  of  the  main 
discharge  line. 

Protection  of  the  pump  from  physical 
damage  or  clogging  is  a  vital  considera- 
tion. Damage  from  ice  formation  was 
prevented  by  burying  intake  pipes  under- 
ground and  incorporating  the  pump  room 
inside  the  main  laboratory  building.  Ex- 
clusion of  bottom  detritus  or  substrate  ma- 
terial such,  as  gravel  has  been  achieved  by 
plugging  the  end  of  a  13-foot  length  of 
Transite  pipe  and  perforating  this  pipe 
with  %-inch  holes  spaced  on  %-inch  cen- 
ters over  the  full  length  of  the  pipe.  Ex- 
cept for  occasional  growth  of  seaweed  or 
accumulation  of  heavy  barnacle  or  mussel 
set  on  the  interior  of  the  pipe,  this  type  of 
screened  intake  has  been  entirely  adequate. 

However,  when  using  hard  rubber  as 
a  pump  liner,  it  is  also  essential  to  elimi- 
nate the  abrasive  damage  caused  by  shells 
of  barnacles,  mussels,  or  oysters  which 
have  set  on  the  interior  of  the  pipe  and 
may  later  become  detached  and  sucked 
into  the  pump.  To  avoid  this  difficulty, 
a  suction  screen  box  was  cast  as  an  integral 
part  of  the  building  inside  the  pumproom, 
and  adjacent  to  the  seaward  wall  of  the 
building.  In  plan  view,  the  shape  of  the 
box  is  a  trapezoid  whose  bases  are  54 
inches  and  28  inches ;  altitude  is  38  inches, 
and  depth  36  inches.  It  has  a  volume  of 
approximately  32  cubic  feet.  Two  screen 
slots  were  cast  into  the  concrete.  The  4- 
inch  suction  line  was  cast  into  the  box  on 
the  short  base  of  the  trapezoid,  and  two 
pump  suction  flanges  provided  on  the  long 


SEA- WATER    SYSTEM    AT   POINT   WHITNEY    SHELLFISH    LABORATORY 


149 


base.  A  12  by  12  mesh  per  inch  Saran 
plastic  screen  on  wood  frame  was  kept  in 
one  of  the  slots  at  all  times  and  the  top 
of  the  box  sealed  by  a  %-inch  steel  plate 


and  neoprene  gasket,  bolted  down  with  24 
%-inch  bolts  set  in  a  steel  frame  cast  in 
the  concrete  (fig.  1) .  Elimination  of  most 
of  the  metal  contact  with  sea  water  was 
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Figure  1. — Construction  detail  of  the  suction  screen  box  at  Point  Whitney  Shellfish  Laboratory  of 
the  Washington  State  Department  of  Fisheries:  1,  building  wall;  2,  suction-box  wall;  3,  steel 
cover  plate ;  4,  gasket  blanket ;  5,  strong  back ;  6,  screens ;  7,  4-inch  sea-water-intake  line ; 
8,  4-inch  pump  suction  line;  9,  4-  by  4-  by  %-inch  angle  iron;  10,  studpost. 


finally  achieved  by  placing  a  i4-mcli-thick 
neoprene  blanket  between  steel  plate  and 
suction  box  top.  Holes  for  probe  switch 
rod,  primer  pipe,  and  air  cushion  cham- 
ber were  closed  by  threaded  washers 
attached  to  black  iron  pipe  nipples.  In 
practice  this  device  has  proven  somewhat 
troublesome  to  maintain,  but  has  been  val- 
uable in  providing  combination  screen  and 
settling  basin  to  minimize  the  amount  of 
sand  or  other  hard  objects  passing  through 
the  hard-rubber-lined  pump.  Certain  de- 
sign modifications  of  this  type  of  suction 
box  would  eliminate  features  we  have 
found  unsatisfactory  and  still  retain  the 
basic  advantages  of  the  device. 

The  most  important  modification  would 
be  to  change  the  relative  position  of  box 
inlet  and  outlets  so  that  pump  suction  is 
at  least  12  inches  below  the  bottom  of  the 


incoming  sea-water  suction  line.  At  the 
same  time  the  volume  of  water  retained  in 
the  box  above  the  pump  suction  should  be 
nearly  equal  to  the  volume  of  the  sea-water 
suction  line  lying  above  the  level  of  half 
tide. 

A  source  of  difficulty  has  been  mainte- 
nance of  adequate  vacuum  while  the  sys- 
tem is  on  automatic  operation,  since  po- 
rous spots  in  the  concrete  and  poor  bond- 
ing between  anchoring  ring  and  concrete 
sometimes  allowed  air  to  leak  into  the  box. 
Box  walls,  therefore,  must  be  of  high  and 
uniform  density  and  should  be  concrete 
at  least  10  inches  thick.  To  reduce  the 
area  that  must  be  fitted  with  removable 
gasket,  the  cover-plate  opening  should  be 
made  only  large  enough  to  allow  insertion 
and  removal  of  two  screens.  The  cover- 
plate  anchoring  ring  should  be  fabricated 
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of  4-  by  4-inch  angle  iron  and  should  be 
embedded  entirely  in  concrete,  with  only 
the  steel  hold-down  bolts  extending  above 
the  concrete  surface.  Plate  hold-down 
bolts  must  be  spaced  at  intervals  no  greater 
than  7  inches,  and  must  be  at  least  %-inch 
diameter  to  eliminate  flexing  of  the  plate 
and  weakening  of  bolts  by  rust. 

Pumping  throughout  the  large  tidal 
range  creates  a  variable  suction  head  as 
well  as  considerable  variation  in  water 
temperature  and  salinity.  In  order  to 
minimize  these  effects,  the  system  was  op- 
erated by  intermittent  pumping,  which 
was  as  a  rule  done  at  any  stage  of  tide 
higher  than  half-tide.  This  minimizes 
the  danger  of  loss  of  prime  of  the  pump, 
but  does  not  completely  eliminate  it. 
Malfunction  of  the  check  valve  regardless 
of  the  stage  of  tide  is  also  a  factor  in 
loss  of  prime.  Since  funds  were  not 
available  for  an  automatic  vacuum  sys- 
tem, we  have  used  the  fresh-water  supply 
as  a  source  of  priming  water.  This  is 
achieved  by  making  direct  connection  be- 
tween the  main  fresh-water  line  and  the 
main  sea-water  line  so  that  an  adequate 
volume  could  be  flowed  directly  into  the 
pipe  or  built  up  in  the  storage  tank  to 
provide  enough  water  for  priming  even 
when  the  check  valve  was  stuck  wide  open. 
The  pump  control  system  is  designed  to  be 
either  automatic  or  manual.  When  lines 
were  filled,  repriming  was  accomplished 
by  switching  electrical  controls  from  auto- 
matic to  manual  and  allowing  the  pump  to 
refill  the  storage  tank. 

In  addition  to  the  normal  safety 
switches  for  protection  of  the  pump  motor 
in  case  of  overload  or  low  voltage,  an  inter- 
locking safety  switch  and  control  system 
was  designed.  An  ordinary  mechanical 
float  switch  with  styrofoam  flotation  was 
used  in  the  main  storage  tank  to  prevent 
overfilling.  A  mercury  switch,  activated 
by  air  pressure  and  connected  to  an  open- 
ended  plastic  pipe  on  the  beach,  was  used 


to  provide  an  adjustable  tide-level  switch. 
In  operation,  as  the  tide  recedes  below  a 
predetermined  level,  this  switch  shuts  off 
the  pump  so  that  pumping  cannot  occur, 
and  as  the  tide  rises,  air  pressure  in  the 
line  reactivates  the  switch  so  pumping  can 
occur  on  demand.  To  protect  the  hard- 
rubber-lined  pump  from  being  run  with- 
out water,  an  electric  probe  switch  in  the 
suction  screen  box  coupled  to  a  relay  pro- 
vides positive  protection  against  loss  of 
prime  and  prevents  automatic  restarting 
of  the  pump  following  power  outage. 
This  loss-of-prime  safety  switch  has  not 
been  entirely  trouble  free,  but  we  have 
found  in  practice  that  as  long  as  it  is 
checked  daily  and  cleaned  occasionally,  it 
provides  adequate  protection  for  the 
pump. 

Sea-water  storage  facilities,  as  men- 
tioned in  the  beginning,  initially  consisted 
of  a  single  10,000-gallon  wood  storage  tank 
placed  on  a  hill  at  an  elevation  approxi- 
mately 6  feet  above  the  roof  of  the  labora- 
tory building.  When  full,  it  provided  a 
maximum  head  of  about  15  feet.  Since 
antif  ouling  paints,  or  applications  of  toxic 
chemicals  to  prevent  or  remove  boring 
organisms  would  also  jeopardize  other  in- 
invertebrate  animals,  it  was  originally 
planned  to  treat  the  tank  periodically  with 
hot  fresh  water.  However,  the  volume  re- 
quired to  adequately  treat  the  tank  was  so 
large  (4,000  gal.)  that  it  was  impractical 
to  use  this  approach.  Partial  protection 
was  achieved  by  coating  the  bottom  with 
high-melting-point  roofing  asphalt  and  the 
walls  with  bituminous  water-tank  paint. 
Later  a  polyethylene  liner  was  installed  to 
achieve  better  protection  of  the  tank  walls. 
In  spite  of  these  efforts,  the  walls  became 
so  riddled  with  teredos  (Bankia  setacea) 
that  the  tank  had  to  be  replaced  after  7 
years'  operation. 

A  new  15,000-gallon  concrete  storage 
tank  was  built  adjacent  to  the  original 
wood  storage  tank.     It  was  provided  with 
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a  concrete  cover,  the  floor  was  properly 
sloped  for  adequate  drainage  and  flushing, 
and  a  direct  fresh-water  connection  was 
installed.  Since  no  substance  which  we 
were  sure  was  not  toxic  to  invertebrate 
larvae  appeared  to  be  practical  for  sealing 
green  concrete,  we  allowed  the  tank  to 
leach  out  naturally  in  sea  water.  It  is 
particularly  important  to  note  that 
"green"  concrete  had  significant  toxicity  to 
Pacific  oyster  larvae  for  more  than  9 
months  after  the  tank  was  completed. 

In  the  course  of  conducting  a  3 -year 
bioassay  on  adult  Olympia  and  Pacific 
oysters,  additional  sea-water  storage 
capacity  was  needed.  To  provide  this  at 
a  reasonable  cost,  we  erected  nine  5,000- 
gallon  unpainted  Douglas-fir  storage 
tanks,  which  were  lined  with  4-mil  poly- 
ethylene sheet.  This  made  a  generally 
satisfactory  liner  which  prevented  attacks 
by  marine  borers  and  provided  proven 
nontoxic  water  contact  surfaces.  We 
found  that  the  4-mil  sheet,  unless  very 
carefully  handled,  was  subject  to  abrasion 
or  cutting.  After  2  years,  replacement 
was  made  with  shaped  8-mil  polyvinyl- 
chloride  liners.  These  liners  were  found 
to  be  toxic.  At  writing,  we  are  still 
trying  to  determine  what  component  of 
the  liners  was  the  source  of  the  toxicity. 
In  previous  tests,  solid  polyvinyl-chloride 
fittings  were  nontoxic.  We  have  to 
assume  that  some  type  of  plasticizer  used 
in  the  bonding  of  the  seams  or  manu- 
facture of  the  film  may  be  the  toxic  agent. 

Overhead  feed  lines  have  always  been 
difficult  to  maintain  in  trouble-free  opera- 
tion. In  order  to  solve  this  problem  at 
Point  Whitney,  and  provide  easy  clean- 
ing, the  aquarium  distribution  lines  were 
2- inch  hard  rubber  with  T  or  cross  fittings 
in  place  of  elbows  at  each  turn.  Instead 
of  placing  potentially  troublesome  valves 
on  the  ends  of  the  distribution  lines,  a 
2-inch  neoprene  radiator  hose  was 
clamped  to  the  end  of  a  hard-rubber  pipe 


nipple,  and  the  flow  was  adjusted  by 
means  of  a  wooden  pinch  clamp.  Water 
flowed  into  8-inch-deep  open  wooden 
header  troughs  running  the  length  of  each 
room.  The  header  trough  has  an  advan- 
tage in  that  holes  may  be  bored  any  place 
along  the  trough  to  provide  flow  through 
glass  tubes  of  constant  orifice  for  individ- 
ual or  groups  of  aquariums  or  trays,  the 
only  limitation  in  capacity  being  the  size 
of  the  distribution  line  itself.  Even 
though  marine  plywood  was  used,  teredos 
(Bankia)  riddled  the  header  trough  and 
lower  aquarium  trays.  The  trough  was 
coated  with  hot  roofing  tar,  and  the  trays 
were  rebuilt  with  polyester  resin  coating. 
This  has  been  satisfactory. 

Clearing  sea-water  lines  of  marine  foul- 
ing organisms  is  a  potential  problem  in 
any  area  where  surface  waters  are  used. 
At  Point  Whitney,  common  fouling  or- 
ganisms are  mussels,  barnacles,  oysters, 
tunicates,  serpulid  worms,  and  sea 
anemone.  In  addition  to  reducing  the  rate 
of  water  flow,  they  also  compete  with  ex- 
perimental animals  for  food,  and  contrib- 
ute metabolites  to  the  water.  At  Point 
Whitney,  provision  was  originally  made 
both  for  cleaning  by  hot  water  and  for 
mechanical  removal.  Several  sources  of 
hot  water  were  tried,  including  domestic 
furnace,  domestic  hot  water,  recirculation 
of  specially  heated  water,  and  a  portable 
steam  cleaner  unit  of  the  type  used  in 
automotive  repair  shops.  None  of  these 
supplied  enough  heat  to  kill  all  fouling 
organisms  throughout  the  lines.  We  fi- 
nally obtained  a  400-gallon  heavy  steel 
tank,  mounted  this  over  a  firebox,  and  used 
it  to  provide  a  charge  of  boiling  water  of 
sufficient  volume  to  completely  fill  each 
separable  unit  of  sea-water  intake  and 
discharge  lines.  It  has  been  satisfactory 
and  economical  to  use,  since  thorough 
cleaning  about  twice  a  year  is  adequate. 
However,  owing  to  the  difficulty  of  remov- 
ing salt  water  from  the  lower  end  of  the 
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submerged  suction  line  and  replacing  it 
with  hot  fresh  water,  we  finally  turned 
to  the  use  of  a  mechanical  pipe  cleaner 
(Roto-rooter)  which  is  used  twice  a  year 
to  ream  out  the  line. 

Three-quarter-inch  flexible  polyethylene 
pipe  used  in  part  of  the  system  also  became 
clogged  with  growing  mussels.  In  time  it 
became  impossible  to  remove  these  me- 
chanically or  by  hot-water  treatment.  We 
were  forced  to  use  concentrated  hydro- 
chloric acid  in  these  lines  to  kill  animals 
and  partially  dissolve  their  shells.  Recov- 
ery of  the  hydrochloric  acid  has  made  this 
type  of  cleaning  economical,  and  thorough 
flushing  with  sea  water  removed  all  traces 
of  acid. 

Shortly  after  the  system  was  in  opera- 
tion, we  found  that  the  lower  end  of  the 
sea-water  line  was  being  heavily  pounded 
because  of  the  sudden  change  in  momen- 
tum of  the  water  when  pumping  was  stop- 
ped. A  shock-absorbing  effect  was 
achieved  by  attaching  4-foot  vertical  4- 
inch  steel  water  pipes  to  the  sea-water  lines 
both  ahead  of  and  behind  the  pump.  This 
cut  down  the  water  hammer,  and  no 
further  damage  from  this  cause  has  oc- 
curred. 

In  1957,  additions  to  the  sea-water  sys- 
tem were  made  which  included  wooden 
storage  tanks  mentioned  before,  and 
additional  sea-water  discharge  lines  to 
carry  water  to  control,  mixing,  and  de- 
livery tanks  for  a  long-range  sulfite  waste 
liquor  bioassay.  By  this  date,  flexible 
polyethylene  and  semirigid  Kralastic 
pipes  and  PVO  fittings  without  plasti- 
ciser  were  readily  available,  and  had  been 
proven  nontoxic  in  sea- water  system  use. 
We  installed  about  225  additional  feet  of 
3-inch  plastic  sea-water  line  beyond  the 
main  storage  tank,  to  an  elevation  ap- 
proximately 20  feet  higher  than  the  pre- 
vious maximum  water  level.  Kralastic 
and  PVC  were  joined  with  glue  on  the  job 
without  special  equipment.    Modifications 


or  correction  of  errors  were  made  simply 
by  sawing  the  pipe  off  with  a  handsaw 
and  inserting  the  correction  with  slipover 
couplings.  This  type  of  pipe  has  been  im- 
pervious to  fractures,  climatic  extremes, 
and  chemicals. 

The  original  water  demand  on  the  sea- 
water  system  at  the  time  of  initial  con- 
struction ranged  between  10,000  and  20,- 
000  gallons  of  water  per  day.  With  in- 
creased use  and  extension  of  the  system, 
demand  increased  to  approximately  50,000 
gallons  per  day.  Throughout  this  period, 
the  WEFM  hard-rubber-lined  pump 
originally  described  has  been  adequate  to 
provide  all  the  water  required  and  still 
maintain  intermittent  pumping  generally 
in  the  tidal  ranges  desired.  It  is  antici- 
pated that  in  our  location  this  system  could 
produce  up  to  100,000  gallons  a  day  with- 
out enlargement. 

We  have  found  it  essential  to  toxicity- 
bioassay,  by  means  of  marine  invertebrate 
larvae,  all  of  the  component  materials  of 
the  sea-water  system,  determine  their  de- 
gree of  freedom  from  toxicity,  and  subse- 
quently, bioassay  quality  of  water  supplied 
to  experimental  animals. 

There  are  marked  differences  in  growth, 
survival,  and  fatness  of  oysters  held  in 
the  laboratory  and  those  grown  in  the  bay. 
We  have  found  that  oysters  suspended 
near  the  surface  do  best,  those  grown  on 
tidelands  are  poorer,  and  those  in  the  sea- 
water  storage  tank  are  poorest.  In  each 
instance  the  groups  of  oysters  tested  had 
access  to  virtually  unlimited  quantities  of 
water.  Hydrographic  data  collected  just 
beyond  the  intake  shows  stratification, 
during  the  period  of  highest  water  pro- 
ductivity, between  surface  waters  and 
those  normally  tapped  by  the  sea-water 
system.  Chlorophyll  values  are  also 
higher  in  the  bay  surface  water  than  at 
either  sea -water  intake  level  or  at  point 
of  entry  into  laboratory  aquariums. 
These   observations   indicate   that   water 
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quality  could  be  improved  by  means  of  a 
floating  intake  line  positioned  so  as  to 
pump  water  from  the  surface  layer  where 
water  productivity  is  highest.  Several 
difficult  physical  problems  must  be  solved 
before  this  method  would  be  satisfactory 
for  our  location,  and  as  yet  this  component 
has  not  been  built. 

CONCLUSIONS 

The  sea-water  system  at  the  Point  Whit- 
ney laboratory  has  provided  satisfactory 
service  when  operational  factors  of  this 
location  are  considered.  Preventive  main- 
tenance by  skilled  personnel  is  a  critical 
factor  in  maintaining  this  or  any  other 
sea-water  system  in  continuous  year-round 
operation.     It  is  clear  to  us  that  a  dual 


system  using  present-day  nontoxic  plas- 
tics would  probably  be  more  dependable, 
lend  itself  more  readily  to  preventive 
maintenance,  and  be  definitely  easier  to 
keep  free  of  fouling  organisms,  than  our 
present  system.  Inasmuch  as  funds  are 
not  likely  to  be  available  for  the  complete 
rebuilding  of  the  system,  modifications  of 
the  present  system  must  be  carefully  en- 
gineered to  utilize  existing  equipment  so 
far  as  possible. 
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SEA-WATER  SUPPLY  SYSTEM 

IN  A  SHELLFISH-CULTURE  LABORATORY 

By  P.  R.  Walne 

Ministry  of  Agriculture,  Fisheries,  and  Food,  Conway,  Wales 

Abstract. — The  sea- water  supply  system  of  a  set  of  laboratories  devoted  to  the  culture 
of  bivalve  mollusks  is  described.  The  water  is  distributed  from  roof  tanks  to  a  tank 
room  where  it  is  heated  and  enriched  with  phytoplankton,  and  to  the  hatchery  where 
it  is  filtered  and  sterilized.  The  equipment  used  for  heating,  filtering,  and  auto- 
matically enriching  with  algal  cultures  is  discussed. 


The  sea-water  system  described  in  this 
paper  is  used  in  a  laboratory  engaged  in 
investigations  on  the  culture  of  larval  and 
adult  bivalve  mollusks.  It  is  built  on  a 
site  adjacent  to  a  set  of  concrete  tanks  con- 
structed 50  years  ago  for  mussel  purifica- 
tion, and  the  pumping  facilities  of  these 
tanks  are  also  used  to  deliver  sea  water 
into  the  main  laboratory  storage  tank. 
The  site  is  on  the  estuary  of  the  river  Con- 
way, and  suitable-salinity  water  is  obtain- 
able only  for  a  fewT  hours  at  high  tide. 
Apart  from  this,  some  storage  is  desirable 
to  reduce  the  silt  content  of  the  water 
which  is  liable  to  be  high  during  rough 
weather. 

The  use  of  metals  has  been  avoided  as 
far  as  possible  in  the  construction  of  this 
system.  The  largest  amount  of  metal  is 
the  iron  main  through  which  the  water  is 
first  pumped.  From  the  results  obtained, 
this  seems  to  be  quite  harmless,  but  the 
continual  addition  of  rust  to  the  water  is 
a  nuisance  at  times. 

GENERAL   LAYOUT 

The  water  is  pumped  up  from  the  estu- 
ary by  a  centrifugal  pump  with  cast-iron 
body  and  impeller  driven  by  a  30-horse- 
power  electric  induction  motor  and  is  de- 
livered (for  laboratory  purposes)  through 
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6-inch  cast-iron  pipes  into  a  20,000-gallon 
reinforced-concrete  tank  at  40,000  gallons 
per  hour.  From  the  main  outside  storage 
tank  the  water  is  pumped  as  required 
through  a  2-inch  polythene  pipe  into  a  set 
of  three  interconnected  100-gallon  fiber- 
glass tanks  in  the  roof  of  the  laboratory 
block.  Fiberglass  tanks  were  chosen  be- 
cause of  their  lightness  and  freedom  from 
corrosion,  and  after  tests  had  shown  that 
oyster  larvae  could  be  satisfactorily  cul- 
tured in  them.  The  pump,  which  is  close 
to  the  w^all  of  the  main  storage  tank,  is  a 
2-inch  pump  (Mono  Pumps  Ltd.,  London) 
with  a  stainless-steel  rotor  and  a  rubber 
stator  and  is  sited  below  the  level  of  the 
water  in  the  tank.  This  is  important  in 
a  pump  under  automatic  control,  since  it 
eliminates  trouble  due  either  to  failure  of 
the  pump  to  prime  or,  if  a  foot  valve  is 
used,  to  leakage  due  to  dirt  or  organisms 
growing  on  the  valve.  The  pump  is  con- 
trolled by  a  float  switch  (Stuart  Turner 
Ltd.,  Henley-on-Thames)  in  the  labora- 
tory roof  tanks  which  are  thus  auto- 
matically kept  nearly  full  of  water.  As 
there  is  no  foot  valve  on  the  pump,  the 
pipe  empties  to  the  level  of  the  water  in 
the  storage  tank  when  the  pump  stops, 
and  this  prevents  the  growth  of  sedentary 
organisms  in  the  pipe. 
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From  the  roof  tanks  the  sea  water  is 
distributed  to  all  rooms  by  standard  poly- 
thene piping.  Throughout  the  labora- 
tories the  flow  is  controlled  by  polythene 
valves  (Saunders  Valves  Co.  Ltd.,  Cwm- 
bran, Newport,  Monmouthshire).  These 
valves,  in  which  all  parts  in  contact  with 
the  liquid  are  of  plastic,  are  diaphragm 
valves  which  are  closed  by  depressing  the 
diaphragm  until  contact  is  made  with  a 
weir  in  the  pipe  line.  In  the  laboratories, 
a  supply  is  piped  to  plastic-lined  pillar 
taps  fitted  with  Saunders  valves.  Else- 
where the  lines  end  in  threaded  Saunders 
valves  to  which  various  pipe  lines  for  dif- 
ferent apparatus  can  be  attached  as 
required. 

HEATED  SEA-WATER  SYSTEM 

This  system  feeds  a  supply  of  warmed 
sea  water  into  the  tank  room  to  stimulate 
spawning  in  oysters  in  the  winter  months. 
It  is  the  most  elaborate  part  of  the  system 
and  is  therefore  described  in  some  detail. 

The  general  layout  is  shown  diagram- 
matically  in  figure  1.    The  water  is  heated 
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Figure  1. — System  for  warming  flowing  sea 
water :  A,  storage  tank ;  B,  warming  tank ;  C, 
3-kw.  Vitreosil-covered  immersion  heater;  D, 
thermostat  in  glass  pocket  controlling  heater ; 
B,  safety  thermostat ;  F,  drain. 


in  a  fiberglass  tank  which  stands  along- 
side, and  is  connected  to,  the  storage  tanks 
in  the  roof.  As  its  top  is  level  with  that 
of  the  storage  tanks  no  level-control  valves 
are  required.  The  water  is  heated  elec- 
trically by  three  3 -kilowatt  immersion 
heaters  which  are  coated  with  fused  silica 
( Vitreosil,  Thermal  Syndicate  Ltd.,  Wall- 
send-on-Tyne) .  These  heaters,  which 
stand  vertically  in  the  tank,  are  made  so 
that  the  heating  element  is  in  the  bottom  17 
inches  of  the  heater.  Because  this  part  of 
the  heater  must  not  be  exposed  to  the  air 
when  it  is  on,  the  inlet  and  outlet  of  the 
tank  are  above  this  level,  and  in  the  event 
of  a  pump  failure  or  excessive  drawing  off 
of  water  the  heaters  cannot  become  un- 
covered. 

The  heaters  are  controlled  by  bimetal 
thermostats  (Sun vie  T.  S.  8,  Associated 
Electrical  Industries,  London)  inserted 
into  a  glass  thermometer  pocket  fixed  ver- 
tically in  the  tank.  To  improve  heat 
transmission  the  pocket  is  filled  with 
a  heat  transfer  oil.  The  thermostat, 
which  has  a  differential  of  0.1°  C,  controls 
the  heater  through  a  hot-wire  vacuum  re- 
lay (Sunvic,  Associated  Electrical  Indus- 
tries, London) .  The  basic  heating  is  done 
by  two  heaters  which  are  controlled  by  one 
thermostat,  while  the  final  control  is  given 
by  a  third  heater  controlled  by  its  own 
thermostat.  This  allows  the  system  to  op- 
erate with  1,  2,  or  3  heaters  according 
to  the  requirements  of  the  laboratory  and 
the  temperature  of  the  incoming  water, 
and  avoids  the  disturbance  to  the  labora- 
tory electrical  supply  which  might  be 
caused  by  switching  9  kilowatts  on  and  off. 
It  is  necessary  to  stir  the  water  either  me- 
chanically or  with  compressed  air;  other- 
wise marked  temperature  stratification  can 
occur. 

As  an  additional  safety  measure,  a  ther- 
mostat in  which  the  contacts  close  with  rise 
of  temperature  is  placed  in  a  thermometer 
pocket  fixed  horizontally  in  the  side  of 
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the  tank  near  the  bottom — and  there- 
fore never  liable  to  be  uncovered.  This 
thermostat,  set  at  about  60°  C,  operates 
through  a  contactor  which,  when  energized 
from  the  thermostat,  interrupts  the  cur- 
rent supply  to  all  the  heaters.  The  sup- 
ply can  only  be  manually  restored. 

This  tank,  with  a  volume  of  about  150 
liters,  produces  about  200  liters  per  hour 
of  sea  water  at  22°  C.  from  water  at  2°  to 
4°  C,  and  although  there  are  regular  fluc- 
tuations in  the  temperature  of  the  water, 
as  it  leaves  the  tank,  due  to  the  switching 


of  the  thermostat  and  the  time  taken  for 
the  heaters  to  warm  up,  these  are  damped 
in  the  40-liter  aquariums  into  which  water 
is  running  at  10  liters  per  hour.  A  flow 
rate  of  200  liters  per  hour  raised  through 
20°  C.  is  about  two-thirds  of  the  maximum 
possible  with  an  input  of  9  kilowatts.  This 
is  an  adequate  margin  for  cold  weather  or 
exceptionally  large  requirements.  The 
degree  of  temperature  control  given  by 
this  system  is  shown  in  the  thermograph 
record  from  one  of  the  aquariums,  repro- 
duced in  figure  2. 


22 

20j 
18" 


/ 


/ 


/ 


/ 


/ 


■sr 


Figure  2. — Temperature  record  for  5  consecutive  days  in  a  40-liter  aquarium — flow  rate  about  10 
liters  an  hour  and  the  incoming  temperature  about  5°  C.  before  heating. 


The  warmed  sea  water  flows  by  gravity 
into  the  tankroom  where,  after  it  has  been 
enriched  with  algal  cultures,  it  is  distrib- 
uted by  a  polythene  manifold  to  a  series  of 
aquariums.  The  water  is  enriched,  us- 
ually with  Phaeodactylum  or  Dunaliella, 
because  in  the  winter  months  the  natural 
flora  of  the  water  is  at  too  low  a  level  for 
filter- feeding  animals  which  are  being  in- 
duced to  grow  and  breed  by  raised  tem- 
peratures. 

The  arrangement  for  continuously  en- 
riching the  water  is  outlined  in  figure  3. 
The  incoming  sea  water  enters  a  wooden 
header  tank  through  a  hard-rubber  ball 
valve  (Dexine  Rubber  and  Ebonite  Ltd., 
Rochdale,  Lanes. ) .  This  tank  is  at  a  high- 
er level  than  the  aquariums.  Immediately 
above  the  header  tank  is  a  plastic  tank 
which  is  filled  daily  with  20  liters  of  algal 
culture.  This  has  to  be  stirred  contin- 
uously to  prevent  settling  of  the  algal 
cells.  The  culture  leaves  the  tank  through 
a  tube  set  flush  in  the  bottom  to  which  is 
attached  a  rubber  tube,  which  passes 
through  a  solenoid-controlled  pinch  clip 


(Londex  Ltd.,  London),  and  then  into  the 
header  tank.  The  culture,  therefore, 
passes  into  the  header  tank  when  the  sole- 
noid is  energized  for  a  few  seconds  every 
15  minutes — the  length  of  time  being  ad- 
justed so  that  the  algal  storage  tank  takes 
24  hours  to  empty. 

The  timing  device  (fig.  4)  has  been  con- 
structed from  a  synchronous  motor  (Sang- 
amo  Weston  Ltd.,  London),  with  a  spin- 
dle speed  of  1  revolution  per  hour.  Four 
brass  arms  with  adjustable  points  are  at- 
tached to  the  spindle.  A  mercury  tilt 
switch  (I.A.C.  Ltd.,  London)  is  arranged 
on  a  cradle  with  an  adjustable  arm  so  that 
each  of  the  spindle  arms  in  turn  briefly 
touches  the  arm  of  the  mercury  switch  and 
gives  it  sufficient  tilt  to  allow  the  contacts 
to  close.  This  opens  the  solenoid-con- 
trolled pinch  clip  for  a  period,  the  length 
of  which  is  dependent  on  the  adjustment 
of  the  contacts.  The  turbulence  in  the 
header  tank  provides  sufficient  mixing,  and 
the  following  counts  of  the  density  of 
Phaeodactylum  in  the  Avater  entering  an 
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Figure  3. — Left — System  for  enriching  the  warm  sea  water  with  algal  culture:  A,  stirrer;  B,  algal 
culture  reservoir;  C,  solenoid-operated  pinch  dip;  />.  warm  sea  water  supply;  B,  hard-rubber 
ball  valve;  F,  header  and  mixing  tank.  Right — Detail  <»f  distribution  manifold  to  aquariums: 
A,  ^-inch  polythene  pipe :  H,  coupling  nut  :  r,  '._,-inch  polythene  T-tube  with  screwed  ends; 
D,  glass  tube;  E,  rubber  stopper;  /•'.  coupling  nut  ;  C,  Hoffman  screw  clip  operating  on  a  piece 
of  rubber  tubing. 


Figure  4. — Timing  device  for  dosing  algal  culture  into  the  sea- water  system  :  A,  mercury  tilt  switch ; 
B,  adjustable  contact  arm ;  C,  brass  cradle  on  a  pivot ;  D,  synchronous  motor ;  E,  4  arms  rotating 
at  1  r.p.h.,  each  in  turn  making  mechanical  contact  with  B. 


aquarium  over  a  period  of  15  minutes  show 
the  even  amount  of  enrichment  obtained : 

Count  of  Phaeodactylum  cells 
per  cubic  millimeter  at — 

0  minutes 43 

3  minutes 55 

7  minutes 48 

11  minutes 45 

15  minutes 50 


The  enriched  and  heated  water  is  dis- 
tributed to  the  aquariums  from  a  manifold 
made  up  of  a  series  of  T-tubes  (fig.  3). 
The  T-tubes  and  their  interconnections  are 
domestic  cold-water  polythene  compres- 
sion fittings  (Plastronga,  Yorkshire  Im- 
perial Metals  Ltd.).  As  the  flow  rate  is 
rather  slow  but  continuous  in  this  part  of 
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the  system,  various  organisms  grow 
rapidly  in  the  pipes  and  it  is  necessary  to 
be  able  to  unscrew  the  system  easily  for 
cleaning.  The  descending  arm  of  the  T- 
tube  is  fitted  with  a  rubber  bung  held  in 
place  by  a  coupling  nut.  A  glass  tube  is 
passed  through  the  bung  and  a  piece  of 
rubber  tube  with  a  screw  clip  is  fitted  on  to 
control  the  supply  to  individual  aquar- 
iums. 

It  is  necessary  to  hold  the  tankroom  at 
I  constant  temperature  in  order  that  the 
rate  of  cooling  in  the  aquariums  shall  be 
constant.  The  rate  of  flow  is  about  10 
liters  per  hour  into  a  40-liter  aquarium 
and,  as  the  system  produces  water  at  a 
constant  temperature,  variations  in  the 
cooling  rate  can  have  a  considerable  effect 
on  a  tank.  It  is  such  changes  that  cause 
the  gradual  variations  in  temperature  re- 
corded in  figure  2,  which  are,  however,  less 
than  those  recorded  in  most  natural  en- 
vironments. While  equipping  each  aquar- 
ium with  its  own  heater,  thermostat,  and 
stirrer  gives  more  precise  control,  the  cost 
is  very  much  greater.  The  writer  has 
found  that  such  an  installation  does  not 
give  any  better  results  and  to  have  so  much 
equipment  in  each  tank  is  a  nuisance. 

HATCHERY 

The  sea  water  in  the  hatchery  is  used 
for  the  culture  of  oyster  larvae  and  for 
this  purpose  it  needs  to  be  free  from  sus- 
pended material  and  substantially  sterile. 

The  water  is  first  filtered  by  pumping 
through  a  pressure  filter.    The  pump  is  a 


%-inch  plastic  pump  with  a  neoprene  im- 
peller and  stainless-steel  shaft  (Cleghorn, 
Waring  &  Co.  Ltd.,  St.  Albans,  Herts.). 
The  pressure  filter  ( Aerox  Ltd.,  Glasgow) 
contains  a  cylindrical  ceramic  filtering  ele- 
ment 10  inches  long  by  2  inches  in  diam- 
eter. The  body  of  the  filter  is  of  vulcanite. 
It  is  desirable  to  interpose  a  coarse  filter 
before  the  ceramic  filter,  as  the  latter  can 
clog  rather  rapidly,  particularly  if  there 
is  a  lot  of  phytoplankton  in  the  water. 
After  filtration,  the  water  is  sterilized  by 
ultraviolet  light  using  a  44-watt  low- 
pressure  mercury  discharge  lamp  (Hano- 
via  Ltd.,  Slough,  Bucks.).  In  this  lamp 
the  water  circulates  between  an  inner 
quartz  jacket  containing  the  lamp  and  an 
outer  glass  jacket.  This  pump  and  filter 
unit  pass  about  300  liters  per  hour,  a  flow 
rate  at  which  the  ultraviolet  lamp  is  able 
to  kill  more  than  99  percent  of  the  bacteria. 
The  water  is  then  passed  directly  via  y2~ 
inch  polythene  piping  and  Saunders  valves 
to  the  larval  culture  tanks.  It  is  also  ad- 
visable to  keep  the  piping  from  the  ultra- 
violet lamp  to  the  tanks  as  short  as  possi- 
ble, since  bacterial  contamination  can  oc- 
cur from  the  wall  of  the  pipe,  and  bac- 
teria which  multiply  on  the  inside  of  the 
pipe  form  a  nucleus  for  recontamination. 

SUMMARY 

An  account  is  given  of  a  Sea-water  sup- 
ply system  in  a  shellfish-culture  labora- 
tory. Provision  is  made  for  heating  the 
water  to  22°  C.  and  for  continuous  enrich- 
ment with  algal  culture. 


AN  AERATING  DEVICE  FOR  SALT  WELL  WATER 

By  Donald  W.  Strasburg,  Fishery  Research  Biologist 

Biological  Laboratory,  Bureau  of  Commercial  Fisheries,  Fish  and  Wildlife  Service, 
U.S.  Department  of  the  Interior,  Honolulu,  Hawaii 

Abstract. — Salt  well  water  appeared  to  be  a  suitable  medium  for  captive  oceanic  skip- 
jack tuna  except  that  the  available  supply  was  devoid  of  dissolved  oxygen.  A  model 
aerating  device,  whose  characteristics  could  be  varied,  was  used  to  determine  the  features 
of  a  definitive  aerator.  The  aerator  was  a  tower  containing  16  perforated  horizontal 
trays  spaced  2  inches  apart ;  the  well  water  was  pumped  to  the  uppermost  tray,  from 
which  it  showered  successively  through  those  beneath,  becoming  95  to  100  percent  saturated 
with  oxygen  when  it  reached  the  bottom.     Skipjack  were  later  maintained  in  this  water. 


A  desire  to  increase  the  efficiency  of  cap- 
turing oceanic  skipjack  {Katsuwonus  pel- 
amis)  has  led  the  Bureau  of  Commercial 
Fisheries  Biological  Laboratory  at  Hono- 
lulu into  a  study  of  skipjack  behavior. 
In  addition  to  a  high-seas  investigation, 
the  study  has  a  shore  phase  in  which  skip- 
jack are  confined  in  ponds  under  controlled 
conditions.  Because  earlier  attempts  to 
establish  skipjack  in  ponds  were  unsuccess- 
ful (Tester,  1952),  a  large  amount  of  pre- 
liminary planning  was  undertaken  in 
order  to  avoid  what  were  regarded  as  pit- 
falls in  the  capture,  handling,  and  main- 
tenance of  these  sensitive  fish. 

Of  utmost  importance  was  the  need  for 
an  abundant  supply  of  clean,  circulating 
sea  water,  preferably  water  of  an  oceanic 
rather  than  a  littoral  character.  The  Lab- 
oratory's dock  and  pond  facilities  are  lo- 
cated in  Kewalo,  a  Honolulu  district  with 
three  sources  of  salt  water :  Kew^alo  Basin, 
the  Pacific  Ocean,  and  salt  ground  water 
(fig.  1).  Although  Kewalo  Basin  is  im- 
mediately adjacent  to  the  Laboratory 
ponds,  its  water  was  eliminated  from  con- 


Editor's  note  :  Later  developments  of  this  system  are 
described  in  the  paper  by  Eugene  L.  Nakamura,  which 
follows  this  one. 


Figure  1.— Bureau  of  Commercial  Fisheries  dock 
facilities  at  Kewalo  Basin,  Honolulu,  with  the 
Pacific  Ocean  in  the  background. 

sideration  because  of  a  variable  contami- 
nation from  industrial  and  maritime 
sources,  and  also  because  the  small  size 
of  its  water  body  might  result  in  a  drastic 
salinity  drop  during  heavy  rains.  In  addi- 
tion, Kewalo  Basin  water  is  rather  turbid, 
a  condition  deemed  unsuitable  for  ecologi- 
cal and  observational  reasons.  The  cost  of 
pumping  Pacific  Ocean  water  across  300 
to  700  yards  of  reef  and  shore  seemed  pro- 
hibitive; also  tending  to  eliminate  ocean 
water  were  similar,  if  lesser,  problems  of 
contamination  and  dilution. 
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USE  AND  PROPERTIES  OF  WELL  WATER 

Because  of  the  unsuitability  of  these 
sources,  two  salt-water  wells  were  drilled 
at  Kewalo  in  June  1958.  The  bores  passed 
through  hard-packed  coral  and  sand  to 
depths  of  77  and  67.5  feet,  of  which  the 
upper  42  feet  were  lined  with  3^ -inch 
casing  (fig.  2) .     In  November  1958,  pumps 
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Figure  2.— Diagram  of  Kewalo  well  and  sur- 
rounding stratigraphy. 

were  fitted  to  both  wells,  and  studies  were 
begun  on  the  fitness  of  the  water  for  main- 
taining various  fish.  Heavy  pumping 
caused  the  shallower  bore  to  become  im- 
pacted with  sand,  but  the  77-foot  well  has 
been  in  nearly  continuous  operation  since 
that  time.  About  35  million  gallons  had 
been  pumped  in  20  months  at  rates  vary- 
ing from  30  to  45  gallons  per  minute.  At 
these  rates  the  drawdown  of  shaft  water 
level  was  only  0.4  feet.  Some  properties 
of  this  water  are  listed  in  table  1,  along 
with  similar  data  for  the  Honolulu  Aquar- 
ium well  (3  miles  from  Kewalo)  and 
oceanic  water.    The  Kewalo  and  Aquar- 


ium samples  were  drawn  on  December  10, 
1958,  while  the  ocean  water  values  were 
compiled  from  various  sources,  including 
the  Honolulu  Board  of  Water  Supply. 
The  analyses  were  performed  by  Y.  F.  Lee 
of  the  Honolulu  Board  of  Water  Supply, 
to  whom  I  am  indeed  grateful. 

The  Kewalo  and  Aquarium  samples  dif- 
fered from  ocean  water  in  chlorinity  and 
pH,  both  items  of  concern  to  aquarists. 
The  pH  deficiency  was  easily  remedied  by 
heavy  aeration  of  the  incoming  water,  the 
pH  value  rising  to  8.1  in  about  40  minutes. 
The  effects  of  brackish  water  on  skipjack 
were  unknown,  but  the  slightly  low  salin- 
ity of  the  Kewalo  water  did  not  seem 
likely  to  be  a  serious  problem.  There  re- 
mained to  be  determined,  however,  the 
salinity  range  to  be  expected  following 
heavy  rains  and  extensive  percolation 
of  pluvial  water.  Salinity  and  rainfall 
data  are  presented  in  figure  3,  from  which 
it  is  evident  that  rain  had  little  diluting 
effect  on  the  water  supply. 

Table  1. — Some  properties  of  Kewalo  and  Hono- 
lulu Aquarium  well  water  and  the  nearby  ocean 

[All  values  as  mg./L.  except  pH] 


Kewalo 

Aquarium 

Ocean 

pH 

7.50 

22 

400 

1,211 

10, 400 

365 

144 

2,440 

17, 800 

0.10 

118 

5,965 

7.55 

17 

438 

1,251 

10,000 

375 

137 

2,530 

18, 400 

0.10 

112 

6,225 

8.25 

Silica 

3 

Calcium    

405 

Magnesium 

1,315 

Sodium 

10, 540 

Potassium 

400 

Bicarbonate . 

Sulfate 

2,610 

Chloride 

19, 150 

Phosphate 

0.20 

Alkalinity  l 

115 

Hardness  • 

6,400 

1  As  CaCCh  equivalent. 

Conspicuously  absent  from  table  1  are 
data  on  the  dissolved  oxygen  in  the  well 
water.  Winkler  analyses  of  water  direct 
from  the  pump  gave  oxygen  values  of  0.15 
to  0.69  ml./L,  the  mean  of  14  samples  being 
0.30  ml./L.  This  inadequacy  was  at  first 
remedied  by  pumping  the  water  over 
perforated  tray,  from  which  it  showered) 
into  a  large  tank  containing  reef  fish.    Al 
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WEEK   ENDING 

Figure  3. — Salinity  of  Kewalo  well  water  and  amount  of  rainfall  at  Federal  Building,  Honolulu, 
November  1958-May  1959.     Rainfall  data  compiled  by  U.S.  Weather  Bureau. 


though  the  oxygen  content  of  this  aer- 
ited  water  was  as  high  as  2.34  ml./L,  the 
fishes  tested  (Abudefduf^  Acanthurus, 
Arothron,  Chaefodon,  Parupeneus,  Perva- 
gor,  and  Zanchts)  did  not  thrive;  in  fact, 
many  died  within  one  or  two  days.  In 
a.  closed-circuit  control  tank  the  oxygen 
level  was  maintained  at  4.90  ml./L  by  con- 
tinuous aeration  with  breaker  stones,  and 
here  similar  test  fish  did  very  well.  It 
seemed  obvious  that  an  efficient  aerating 
device  must  be  an  integral  part  of  the 
pumping  setup  if  circulating  well  water 
was  to  be  employed. 

AERATING   DEVICES 

A  cursory  survey  of  the  literature  plus 
correspondence  with  several  aquarists  re- 
vealed that  little  was  known,  or  published, 
about  the  problem  at  hand.  Specifically, 
a  device  was  needed  for  bringing  oxygen- 
poor  water  to  the  saturated  state  under 
high-flow  conditions,  and  so  constructed 
that  oxygenation  and  circulation  were  con- 
comitant features,  eliminating  any  possi- 
bility of  fish  mortality  from  exposure  to 
deoxygenated  ground  water.  This  require- 
ment eliminated  from  consideration  cer- 
tain apparatus  (Venturi  systems,  com- 
pressed gas  liberators,  and  agitators)   of 


groat  utility  elsewhere  (Norris  et  al., 
1960).  The  field  of  choice  was  narrowed 
to  sprays,  cascades,  and  the  like,  where 
the  influx  of  water  per  se  results  in 
aeration. 

Plans  for  the  aeration  apparatus  began 
to  emerge  when  the  physical  conditions  at 
Kewalo  were  considered.  Beds  of  spray- 
ing fountains  or  shallow,  baffled  spillways 
were  precluded  by  limited  ground  space, 
and  the  height  of  a  tower  from  which 
water  could  fall  was  limited  by  the  pump- 
ing pressure.  Of  A^arious  devices  men- 
tioned in  the  literature  (Shaw,  1936;  Betz 
Laboratories,  1957 ;  McKelvey  and  Brooke, 
1959),  a  compact  block  of  stacked  perfo- 
rated trays  seemed  to  be  the  most  promis- 
ing. Oxygen- free  ground  water  would  be 
pumped  to  the  uppermost  tray,  from  which 
it  would  shower  successively  through  sev- 
eral lower  trays,  becoming  saturated  with 
oxygen  just  as  it  reached  an  aquarium  be- 
low. The  optima  for  tray  spacing,  number 
and  size  of  tray  perforations,  rate  of  water 
flow,  and  tray  number  had  yet  to  be 
determined. 

EXPERIMENTAL  AERATOR 

To  discover  the  interaction  of  these  vari- 
ables a  model   aeration  device  was  con- 
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st  met  ed  and  a  number  of  experiments  were 
performed.  Attention  was  focused  on  var- 
i;il  ions  in  dissolved  oxygen  resulting  from 
different  numbers  and  spacings  of  trays, 
while  perforation  size  and  number  were 
held  constant.  Flow  rate  was  necessarily 
low  because  of  the  miniature  size  of  the 
equipment,  but  it  was  essentially  constant 
at  182  to  193  milliliters  per  second  (3  gal- 
lons per  minute).  Water  temperature 
was  also  approximately  constant,  the  range 
being  74.2°  to  77.8°  F.  over  the  test  period 
but  with  a  fluctuation  of  less  than  1  degree 
on  any  one  day. 

The  apparatus  assembled  for  a  test  is 
shown  in  figure  4 ;  it  consisted  of  the  fol- 
lowing parts :  an  open-faced  wooden  cabi- 
net with  a  bottom  drain  and  valve;  an 
11%-inch  square  wood  and  plastic  inlet 
tray   (actually  an  "under-gravel"  filter) 
having  289  perforations  and  a  brass  nip- 
ple for  attaching  a  hose ;  a  number  of  ll1/^- 
inch  square  wooden  trays  having  144  per- 
forations and  no  nipple;  an  ordinary  %- 
inch  plastic  garden  hose ;  a  supply  of  metal 
C-clamps  for  positioning  the  trays  in  the 
cabinet ;  several  sheets  of  thin  vinyl  plastic 
which  were  stretched  across  the  face  of 
the  cabinet  to  prevent  splashing;  a  short 
length  of  siphon  tubing  (not  shown) ;  and 
chemical  equipment  for  determining  dis- 
solved oxygen  by  the  Winkler  method.    In 
practice  the  flow  rate,  temperature,  and 
amount  of  oxygen  in  the  unaerated  water 
were  first  measured,  followed  by  the  collec- 
tion of  samples  from  beneath  varying  num- 
bers of  equally  spaced  trays.     The  water 
samples  were  drawn  from  the  bottom  valve 
or  by  siphon ;  the  drain  was  stoppered  un- 
til 1  inch  of  water  had  accumulated  in  the 
cabinet's  base,  at  which  time  a  sample  was 
taken. 

Figure  5  shows  the  relations  between 
tray  spacing,  tray  number,  and  dissolved 
oxygen  obtained  from  experiments  with 
the  model  aerator.  All  oxygen  values  are 
shown,  in  terms  of  percentage  saturation 
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Figuke  4. — Model  aeration  device  used  to  deter 
mine  effects  of  tray  spacing  and  number  or 
amount  of  dissolved  oxygen  in  water.  Watei 
was  supplied  to  the  topmost  tray  by  a  hose  at 
tached  to  the  nipple. 

for  the  particular  salinity  and  tempera- 
ture prevailing  at  the  time  of  the  test  (the  I 
percentage  saturation  was  obtained  fromj 
data  presented  by  Sverdrup  et  al.,  1942. 
p.  188) .  The  curves  were  fitted  by  eye  tc 
coincide  with  the  maximum  number  oi 
points.  Not  shown  in  the  crowded  uppeij 
left  portion  of  the  figure  are  data  fromj 
tests  using  10  to  15  trays;  the  curves  froni 
these  tests  lay  between  those  for  9  and  16 
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IGURE  5. 


-Relation  between  percentage  oxygen  saturation,  tray  number,  and  tray  spacing.    Broken 
line  represents  time/distance  relation  for  a  body  in  free  fall. 


•ays.  Also  not  evident  is  the  oxygen  con- 
mt  of  the  incoming  water;  this  ranged 
com  0.15  to  0.69  ml./L,  but  was  most 
ften  0.17  to  0.20  ml./L.  The  highest 
ituration  achieved  with  the  model  aerator 
ras  93  percent;  the  highest  obtained  by 
rolonged  bubbling  of  air  through  the 
ater  was  96  percent. 

Two  aspects  of  figure  5  merit  brief 
iscussion.  The  first  is  the  shape  of  the 
ituration  curves:  as  is  apparent,  these 
ave  the  general  conformation  of  the  curve 


describing  the  distance  traveled  by  a  freely 
falling  body.  Saturation  is  a  function  of 
the  amount  of  exposure  to  air,  and  this 
varies  with  drop  size,  velocity,  and  height 
of  fall.  The  left  portion  of  each  satura- 
tion curve  is  flatter  than  the  corresponding 
part  of  the  free-fall  curve,  undoubtedly 
representing  additional  exposure  to  air  be- 
cause of  splashing,  flow  over  the  tray  sur- 
faces, or  a  velocity  decrease  caused  by  air 
resistance.  Also  contributing  to  the  shape 
of  the  curves  are  such  factors  as  water 
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Figure  6. — Height  of  aerator  needed  to  produce  a  given  percentage  of  oxygen  saturation. 


166 


DONALD    W.    STRASBURG 


films  flowing  down  the  cabinet  walls, 
water  drops  falling  cleanly  through  per- 
forations aligned  by  chance,  occasional 
stream-flow  through  a  perforation,  and 
the  difficulty  in  adding  oxygen  to  water  as 
the  saturation  point  is  approached. 

The  second  interesting  feature  of  figure 
5  is  the  relative  importance  of  tray  spac- 
ing versus  number  of  trays.  Although 
the  same  degree  of  saturation  can  be  at- 
tained with  either  a  few  widely  spaced 


trays  or  several  closely  spaced  ones,  there 
are  practical  considerations  to  be  borne 
in  mind  when  planning  a  definitive  aera- 
tor. Wide  tray  spacing  results  in  a  tall 
aerator,  requiring  considerable  pressure 
for  pumping  water  to  the  top.  Narrow 
tray  spacing  means  a  short  device  with 
numerous  trays,  the  latter  sometimes  being 
expensive  to  construct  and  usually  diffi- 
cult to  clean.  Figure  6  shows  the  relative 
unimportance  of  tray  spacing,  for  a  con- 


Figure  7. — Aerator  developed  for  use  with  salt  well  water. 
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stani  tower  height,  when  only  a  Ioti  or 
moderate  degree  of  saturation  is  desired. 
As  higher  degrees  of  saturation  are  at 
tained,  then  the  aerator  becomes  u 
ingly     tall     and     Bpacing     increasingly 
important. 

DEFINITIVE   AERATOR 

Since  it  was  desired  to  use  highly 
saturated  wain-  as  a  medium  for  skipjack, 
I  some  extrapolation  was  done  from  the 
upper  cun  ee  of  figures  5  and  •;  in  planning 
the  definitive  aerator.  It  was  <lt'<i<lc<l  that 
It;  nay-  spaced  at  2-inch  intervals  would 
provide  near  saturation  with  a  moderate 
pressure  requirement,  and  if  these  trays 
were  perforated  with  54-inch  holt- at  'L.- 
inch  intervals  there  would  be  sufficient 
capacity  to  carry  water  at  iluu  rates  up  to 
ahout  100  gallons  per  minute  (and  per- 
haps more).  A  diagram  of  the  aerator 
Ultimately  buill  from  these  plan-  is  shown 
in    figure  7.   from   which   the   following 

features    will    he    noted.      The    aerator    i- 

nsentially  a  wooden  bos  surmounting  a 
concrete  tank  which  receives  the  aerated 
prater.  The  end-  of  the  aerator  ate  -lotted 
for  ingress  of  air,  hut  lighl  is  excluded 
as  much  as  possible  to  inhibit  the  growth 

of  algae.      Within  the  DOS  are  three  rows 

of  Hi  long,  narrow  nay-,  which  can  he 

pulled    out    like    drawer-    for    cleaning   or 

inspection.     All  construction  1-  of  wood 


e\c,.pt  for  the  perforated  tray  bottoms, 
which  are  of  pressed  tihrehoard  doubly 
coated  with  an  epoxy  rc-:n.      The  aerator 

has  been  in  nearly  continuous  use  for  is 

months   with   only   slight    attention    being 

required.  Tray  cleaning  ha.-  not  been 
necessary.  Water  passed  through  it 
ranged  from  '.».'■  to  100  percent  saturated 
with  oxygen,  and  was  successfully  used  for 

the  maintenance  of  skipjack  I  see  Naka- 
inura.  this  collection  ). 
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SALT  WELL  WATER  FACILITIES 

AT  THE  BUREAU  OF  COMMERCIAL  FISHERIES 

BIOLOGICAL  LABORATORY,  HONOLULU 

By  Eugene  L.  Nakamura,  Fishery  Biologist 

Biological  Laboratory,  Bureau  of  Commercial  Fisheries,  Fish  and  Wildlife  Service, 
U.S.  Department  of  the  Interior,  Honolulu,  Hawaii 

Abstmrt.  A  salt  well  water  system  was  developed  in  Honolulu  to  maintain  skipjack 
tuna  (Kat8itironus  pelamU)  in  captivity.  Problems  encountered  with  the  system  in- 
cluded accumulation  of  rust  from  the  cast-iron  casing  in  the  well,  inability  of  the  well 
to  provide  sufficient  water  for  additional  fish  pools,  inaccessibility  of  the  aeration  trays 
for  cleaning,  necessity  of  frequent  cleanings  of  the  fish  pool  due  to  algal  growth,  and 
inability  to  observe  the  fish  closely  because  of  wind  ripples.  (These  problems  were  rem- 
edied by  drilling  a  larger  well  with  an  asbestos-cement  casing,  by  building  a  new 
aerator  with  trays  spared  farther  apart  and  easily  accessible,  and  by  enclosing  the  new 
pool  in  a  building. 


A  salt -water  system  was  developed  at 
the  U.S.  Bureau  of  Commercial  Fisheries 

Laboratory's  dock  site  in  Honolulu  in  1958 
to  maintain  skipjack  {KaUuwonus  pela- 
mis),  a  pelagic  tuna,  in  captivity.  Salt 
water  from  a  well  was  used  because  of  its 
freedom  from  sediments,  pollution,  dilu- 
tion by  rains,  and  fouling  organisms  (bar- 
nacles, mollusks,  annelids,  etc.) .  The  sys- 
tem comprised  a  well,  a  pump,  an  aerator, 
a  sump  on  which  the  aerator  rested,  and  a 
fish  pool  (fig.  1).  Poly  vinyl-chloride 
pipes  were  used.  The  well,  properties  of 
the  water,  and  the  development  of  a  suit- 
able aerating  device  have  been  described 
in  detail  by  Strasburg  [preceding  article 
in  this  collection].  While  skipjack  were 
being  kept  in  the  pool  (Nakamura,  1960), 
certain  shortcomings  of  this  original  sys- 
tem became  apparent.  These  problems 
and  their  remedies  are  described  in  this 
report. 

The  casing  of  the  well  was  a  3i/2-incn 
cast-iron  pipe.  Rust  from  this  casing  was 
deposited  within  the  plastic  pipes  and  on 


the  perforated  trays  of  the  aerator.  A 
layer  of  rust  up  to  a  millimeter  thick  lined 
the  pipes  after  18  months  of  use.  Al- 
though rust  was  believed  not  to  be  harm- 
ful to  the  fish,  it  was  undesirable  because 
it  reduced  the  bores  of  the  pipes  and  the 
perforations  in  the  trays  and  indicated  de- 
terioration of  the  well  casing. 

The  limitations  of  the  well's  capacity 
became  apparent  when  over  100  gallons 
per  minute  were  pumped,  for  the  water 
level  in  the  well  then  dropped  below  the 
foot  valve,  which  was  6  feet  below  the  sur- 
face. This  inadequate  flow  precluded  the 
installation  of  additional  fish  pools. 

It  thus  became  apparent  that  a  new  well 
was  required  with  a  noncorrosive  and  non- 
toxic casing  and  of  a  capacity  which 
should  accommodate  planned  expansion. 

The  aerator  was  originally  constructed 
so  that  the  trays  could  be  removed  for 
cleaning.  After  about  a  year  and  a  half 
of  intermittent  use,  however,  warping  of 
the  trays  and  swelling  of  the  wood  sep- 
arating the  trays  made  removal  impos- 

169 


EUGENE    L.    NAKAMURA 


Figure  1. — Skipjack-holding  pool.  23  feet  in  diameter  and  4  feet  deep.  Behind  the  pool  on  the  left 
is  the  aerator  resting  on  the  sump,  and  on  the  right  is  the  pumphouse.  The  well,  which  cannol 
be  seen,  is  between  the  pool  and  pumphouse. 


sible.  Since  the  trays  were  set  2  inches 
apart,  the  area  between  them  was  inacces- 
sible for  cleaning.  Cleaning  was  desir- 
able only  because  of  the  deposition  of 
rust  and  not  because  of  algal  growth, 
Avhich  wras  inhibited  by  the  enclosed  situa- 
tion of  the  trays  within  the  aerator. 

The  aerator  efficiently  oxygenated  the 
water  (over  95  percent  saturation),  but 
did  not  adequately  rid  the  water  of  carbon 
dioxide  components.  Excess  carbon  diox- 
ide in  the  water  caused  the  pH  to  be  lower 
than  that  of  normal  sea  water.  The  pH 
was  7.4-7.6  as  compared  with  8.1-8.3  in 
the  open  ocean  (Sverdrup,  Johnson,  and 
Fleming,  1942).  By  rerouting  the  water 
through  the  aerator  several  times,  the  pH 


could  be  raised  to  8.1  in  40  minutes,  bui 
this  recycling  was  not  practical. 

In  order  to  remedy  these  undesirable 
features  of  the  aerator,  plans  for  a  replace 
ment  were  made.  The  trays  were  to  be 
spaced  to  permit  cleaning.  Better  ventila- 
tion throughout  the  aerator  was  to  be  pro- 
vided. Smaller  but  more  numerous  per 
forations  were  to  be  made  in  the  trays  sc 
that  the  elimination  of  excess  carbon  diox- 
ide would  be  improved. 

The  necessity  of  enclosing  the  pool  in  s 
building  became  apparent  for  two  reasons 
First,  the  entrance  of  direct  sunlight  intc 
the  pool  could  be  controlled  to  reduce  oi 
eliminate  algae.  In  the  outdoor  pool,  al 
gae  grew  rapidly,  and  frequent  scrubbing 
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were  required.  Also,  strands  of  a  diatom 
[Melosira  sp.)  which  broke  off  from  the 
sides  of  the  pool  caused  the  water  to  be- 
come turbid.  Second,  the  wind  over  the 
pool  could  also  be  reduced  or  eliminated. 
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Wind  ripples  prevented  clear  observations 
through  the  water  surface  of  the  outdoor 
pool. 

In  August  1961  a  new  system  was  set 
into  operation   (fig.  2).     The  well  is  73 


•**,».. 


Figure  2. — Present  salt-water  system.  The  pumps  and  well  are  housed  in  the  building  at  the  right. 
The  aerator,  in  the  center,  is  resting  atop  the  concrete  sump.  The  fish  pool  is  housed  in  the 
quonset  hut  on  the  left. 


feet  deep,  cased  with  a  12-inch  asbestos- 
cement  pipe  down  to  42  feet.  The  depth 
of  the  well  was  determined  by  the  depth 
at  which  1,000  gallons  of  water  per  minute 
could  be  provided.  The  depth  of  the  cas- 
ing was  determined  by  the  depth  at  which 
hard  coral  rock  was  reached.  Water  is 
presently  being  pumped  at  82  gallons  per 
minute,  but  the  well  is  capable  of  provid- 
ing water  at  1,000  gallons  per  minute  with 
a  drawdown  of  6  inches.     A  centrifugal 


pump  with  a  cast-iron  housing  and  a  steel 
impeller  is  being  used  because  this  type  of 
pump  happened  to  be  readily  available. 
Thus  far,  its  performance  has  been  satis- 
factory. 

The  aerator  is  6  feet  wide,  7  feet  9  inches 
long,  and  10  feet  high  at  its  apex.  All  four 
sides  have  louvers.  The  two  ends  are 
hinged  so  that  they  may  be  opened  for 
cleaning.  It  houses  16  aeration  trays 
spaced  6  inches  apart.    The  trays  are  made 
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of  laminated  plastic,  measure  y10  by  72  by 
51  inches,  and  are  perforated  by  %-inch 
holes  spaced  1  inch  apart.  Water  sprays 
onto  the  top  tray  from  y8-inch  holes  in 
the  sides  of  the  2-inch  inlet  pipe. 

The  concrete  fish  pool  is  enclosed  in  a 
quonset  hut.  Water  flows  by  gravity  from 
the  sump  into  the  pool. 

This  new  system  appears  to  be  satisfac- 
tory. Rust  is  no  longer  a  problem.  The 
pH  has  been  raised  to  7.8-8.0.  The  trays 
are  easily  accessible  by  opening  the  ends 
of  the  aerator.    There  is  practically  no  al- 


gal growth  in  the  pool,  and  the  observation 
through  the  water  surface  is  excellent. 
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SEA  WATER  FROM  GROUND  SOURCES 

By  John  R.  Clark  and  Ronald  Eisler 

Sandy  Hook  Marine  Laboratory,  Bureau  of  Sport  Fisheries  and  Wildlife,  Fish  and  Wildlife 
Service,  U.S.  Department  of  the  Inferior,  Highlands,  N.J. 

Abstract. — Efforts  to  obtain  sea  water  from  a  ground-water  source  at  the  Sandy 
Hook  Marine  Laboratory  are  described.  The  basic  theory  of  occurrence  of  fresh  and 
salt  water  in  coastal  sand  and  gravel  deposits  is  discussed  and  is  confirmed  by  the  re- 
sults of  a  test  well  drilled  at  Sandy  Hook.  A  hypothesis  is  advanced  to  explain  both 
an  unexpected  reversal  of  salinity  gradient  and  contamination  by  ferrous  hydroxide. 
Although  plans  to  maintain  a  continuous  flow  were  frustrated,  the  water,  after  settling 
(to  remove  iron  precipitate)  has  been  used  successfully  in  rearing  51  species  of  fishes 
and  some  invertebrates. 


Many  problems  typically  encountered  in 
supplying  large  volumes  of  sea  water  to 
seaside  laboratories  can  be  solved  by  using 
a  shallow  ground-water  source.  The  use 
of  ground-water  supplies  involves  a  unique 
complex  of  problems,  however,  which  must 
be  anticipated  before  deciding  in  favor 
of  a  well  system. 

A  major  advantage  of  a  ground-water 
supply  is  the  elimination  of  barnacles, 
mussels,  and  other  attaching  organisms. 
These  animals,  which  foul  supply  pipes 
and  fittings,  have  no  access  to  ground 
water.  Also,  sea  water  from  a  well  is 
free  from  particulate  contaminating  ma- 
terial such  as  sand,  silt,  and  detritus. 
Thus,  filtration  may  be  eliminated,  and 
the  design  and  construction  as  well  as 
maintenance  of  the  supply  system  may 
be  simplified. 

Another  advantage  of  a  ground-water 
supply  is  that  physical  characteristics  of 
ground  water  remain  relatively  stable. 
Rapid  fluctuations  in  salinity  induced  by 
tidal  forces,  which  are  so  typical  of  estu- 
arine  or  shallow  bay  waters,  do  not  affect 
ground-water  sources.  The  temperature 
of  ground  water  is  a  function  of  average 
prevailing  air  temperature  and,  to  a  depth 


of  50  feet,  is  nearly  constant  for  any  loca- 
tion, varying  a  maximum  of  1  degree 
annually.  Therefore,  ground-water  tem- 
perature can  be  reliably  predicted  from 
air-temperature  data  (Collins,  1925). 

A  further  advantage  in  using  a  ground- 
water source  is  that  no  special  intake  or 
pump  support  structures  are  required  as 
for  a  direct  sea-water  source.  These 
structures  are  often  expensive  and  in  many 
places  are  subject  to  damage  by  storms 
or,  in  northern  locations,  to  damage  by  ice 
in  winter.  A  well  often  may  be  located 
much  nearer  the  laboratory  than  the  inlet 
of  a  direct  intake  line,  thus  reducing  cost 
and  complications  involved  with  lengthy 
transport  lines. 

We  wish  to  express  our  appreciation  to 
the  U.S.  Geological  Survey  (Trenton  Dis- 
trict Office)  for  their  most  helpful  counsel 
and  for  arranging  the  analysis  of  our  well 
water. 

DESIGNING  THE  SYSTEM 

This  paper  deals  with  problems  encoun- 
tered in  obtaining  sea  water  from  subsur- 
face sands  and  gravels  at  Sandy  Hook, 
N.J.  The  decision  to  use  a  ground-water 
source  for  our  sea-water  supply  was  de- 
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rived  from  a  combination  of  factors  in- 
volving geologic  characteristics  of  the 
area,  location  of  the  laboratory,  storm  ef- 
fects peculiar  to  Sandy  Hook  Bay,  the 
small  amount  of  funds  available,  and  the 


anticipated    requirements  of  our  experi- 
mental aquarium. 

The  Sandy  Hook  Marine  Laboratory  is 
located  160  feet  east  of  the  easterly  shore 
of  Sandy  Hook  Bay  (fig.  1) .     The  Sandy 


Figure  1. — Sandy  Hook  Marine  Laboratory ;  Sandy  Hook  Bay  in  foreground,  Atlantic  Ocean  in 

background. 


Hook  peninsula  is  a  post-Pleistocene  de- 
velopment that  resulted  from  deposition 
of  sand  and  gravel  by  northerly  long-shore 
currents  which  are  interrupted  by  the  out- 
flow from  New  York  Harbor  and  Karitan 
and  Sandy  Hook  Bays.  The  average 
depth  of  waters  surrounding  Sandy  Hook 
is  about  20  feet.  This  permeable  sand  and 
gravel  deposit  hydraulically  connected  to 
the  bay  appeared  to  provide  an  excellent 
source  of  good  quality  sea  water.  A  well 
supplying  a  continuous  flow  system  could 
be  located  at  the  edge  of  the  Bay  near  the 
source  of  the  water  and  yet  be  only  a  short 
distance  from  the  Laboratory.  The  plan 
consisted  of  the  following : 


1.  A  4-inch-diameter  poly  vinyl-chloride  (PVC) 
wellpipe  fitted  with  a  4-foot-long  PVC  slotted 
intake  screen  (slots  0.014  inch  in  width)  was  to 
be  inserted  into  a  6-inch-diameter  (driven)  iron 
housing  and  water-jetted  to  the  minimum  depth 
necessary  to  obtain  sea  water  of  full  bay-strength 
salinity. 

2.  A  nonmetallic  submersible  pump  capable  of 
a  minimum  pumping  capacity  of  20  gallons  per 
minute  was  to  be  inserted  into  the  4-inch  PVC 
pipe  to  maintain  a  continuous  flow  of  sea  water 
to  the  aquarium. 

3.  A  1% -inch-diameter  PVC  transmission  line 
to  carry  the  water  underground  to  the  basement 
laboratory  was  to  be  run  inside  a  6-inch-diameter 
cast-iron  housing. 

4.  A  3-inch-diameter  PVC  gravity-flow  return 
line  was  to  be  run  within  the  6-inch  iron  pipe, 
the  iron  pipe  to  serve  as  protection  for  the  re- 
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turn  line  and  as  an  emergency  overflow  drain 
from  the  aquarium. 

This  plan  for  installing  the  well  was 
achieved  successfully,  and  except  for  a 
troublesome  problem  which  was  not  an- 
ticipated— the  presence  of  ferrous  iron  in 
the  water  source — would  have  adequately 
supplied  our  needs.  This  problem  will  be 
discussed  in  detail  later. 

THEORY  OF  SALT-WATER  OCCURRENCE 

In  attempting  to  locate  salt  water,  it 
was  necessary  to  drill  much  deeper  than 
had  been  anticipated.  A  series  of  test 
wells  showed  that,  even  at  the  very  shore, 
with  water  level  at  11  feet  below  ground 
surface,  it  was  necessary  to  bore  deeper 
than  40  feet  to  locate  water  of  acceptable 
salinity.  A  similar  situation  is  docu- 
mented by  Barksdale,  Sundstrom,  and 
Brunstein  (1936)  for  ground-water  sup- 
plies of  the  Atlantic  City,  N.J.,  region. 
Since  this  paper  is  difficult  to  obtain,  rele- 
vant portions  are  given  here. 

The  problem  of  obtaining  fresh  water  from 
sands  that  are  exposed  for  a  part  of  their  extent 
to  the  waters  of  the  ocean  has  been  studied  in 
many  parts  of  the  world.  The  earliest  scien- 
tific work  on  this  problem  was  done  in  Europe, 
where  the  basic  principles  were  first  pointed  out 
in  1887  by  Badon  Ghyben,1  a  Dutch  captain  of 
engineers,  and  in  1900  by  Herzberg,2  who  appears 
to  have  had  no  knowledge  of  the  earlier  work. 
The  basic  principles  that  govern  the  relation  of 
salt  water  to  fresh  water  in  a  water-bearing 
sand  have  now  been  fairly  well  established. 
They  are  discussed  by  Brown  in  papers  published 
in  1922  3  and  1925.4 

At  the  contact  between  the  fresh  and  salt  wa- 
ters the  zone  of  diffusion  is  surprisingly  narrow. 


1  Badon  Ghyben,  W.  Nota  in  verband  met  de  voor- 
genomen  put  boring  nabij  Amsterdam.  K.  Inst.  Ing. 
Tijdschr,  1888-89,  p.  21.     The  Hague,  1889. 

2  Herzberg,  Baurat.  Die  Wasserversorgung  einiger 
Nordseebader.  Jour.  Gasbeleuchtung  und  Wasserver- 
sorgung, Jahrg.  44.     Munich,  1901. 

3  Brown,  J.  S.  (Relation  of  sea  water  to  ground  wa- 
ter along  coasts.  American  Jour.  Sci.  5th  ser.,  vol.  4, 
pp.  274-294.     1922. 

4  Brown,  J.  S.  A  study  of  coastal  ground  water  with 
special  reference  to  Connecticut.  U.S.  Geological  Sur- 
vey, Water-supply  Paper  537.     1925. 


In  Holland,  Pennink  5  found  a  range  of  salinity 
from  100  to  15,000  parts  per  million  of  chloride 
in  distances  varying  from  60  to  100  feet.  In 
the  present  investigation  ranges  from  800  to 
8,000  parts  per  million  and  from  1,900  to  7,300 
parts  per  million  were  observed  in  4  feet  of 
depth. 

Salt  water  is  heavier  than  fresh  water  and 
tends  to  fill  the  lower  parts  of  a  formation.  The 
fresh  water  in  the  sand  floats  on  the  salt  water 
much  as  ice  floats  on  water,  with  most  of  its 
volume  submerged.  The  position  of  the  contact 
is  determined  by  the  head  of  the  fresh  water 
above  mean  sea  level  and  by  the  relative  specific 
gravities  of  the  two  waters.  This  is  the  prin- 
ciple developed  by  Badon  Ghyben  and  Herzberg. 

This  theory  is  illustrated  in  figure  [2,  A  and 
B].  Figure  [2A]  shows  a  simple  U-tube  with 
both  ends  open  to  the  air.  The  two  legs  of  the 
tube  are  filled  with  two  liquids  of  different  spe- 
cific gravities.  The  liquids  in  the  tube  will  come 
to  rest  in  such  a  way  that  the  pressure  at  the 
bottom  of  one  leg  is  exactly  equal  to  and  bal- 
anced by  that  at  the  bottom  of  the  other  leg. 
The  surface  of  the  lighter  liquid  will,  therefore, 
necessarily  stand  higher  than  that  of  the  heavier 
liquid.  Furthermore,  as  the  heavier  liquid  fills 
the  lower  part  of  the  tube  in  both  legs  up  to 
the  level  of  the  contact  between  the  liquids,  the 
pressure  at  this  level  is  equal  in  both  legs,  and 
the  heights  of  the  two  columns  of  liquid  above 
the  level  of  the  contact  are  inversely  proportional 
to  the  specific  gravities  of  the  liquids. 

In  a  small  island  or  narrow  peninsula  com- 
posed entirely  of  permeable  sand  and  surrounded 
by  sea  water,  this  same  balance  of  pressure  oc- 
curs between  sea  water  and  the  lighter  fresh 
water.  Figure  [2B]  represents  a  cross  section 
of  such  an  island  and  shows  that  the  salt  water 
not  only  fills  the  sand  around  the  island  but  also 
extends  entirely  under  it  below  the  lens-shaped 
body  of  fresh  water.  In  such  an  island,  the  re- 
sistance of  the  sand  to  the  flow  of  water  causes 
the  fresh  water  from  rainfall  to  build  up  a  head 
above  sea  level  sufficient  to  cause  it  to  flow  out 
into  the  ocean  at  the  shores  of  the  island.  It 
also  prevents  the  mixing  of  the  salt  and  fresh 
waters  in  the  sand  below  sea  level  by  wave  action. 
As  the  sand  is  permeable  in  all  directions,  the 
fresh-water  head  will  cause  a  downward  flow  of 
fresh  water  until  it  fills  the  sand  to  a  depth 
at  which  its  head  is  balanced  by  the  head  of  the 
salt   water.      When    equilibrium   has   thus   been 


e  Pennink,  J.  M.  K.  De  "prise  d'eau"  der  Amster- 
damsche  duin  Waterleiding.  K.  Inst.  Ing.  Tijdschr., 
1903-4,  pp.  183-238.     The  Hague,  1904. 
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Figure  2. — Relation  between  fresh  water  and  salt  water  in  water-bearing  sands  when  not  disturbed 
by  pumping:  A,  U-tube  showing  balance  between  two  liquids  of  different  specific  gravities; 
B,  section  through  an  island  composed  entirely  of  sand  and  surrounded  by  salt  water;  C,  sec- 
tion through  a  sand  island  underlain  by  impervious  material ;  D,  section  through  a  coastal  plain 
composed  of  alternate  layers  of  pervious  and  impervious  materials.  (From  Barksdale,  Sund- 
strom  &  Brunstein,  1936 — Supplementary  Report  on  the  Ground- Water  Supplies  of  the  Atlantic 
City  Region;  fig.  5,  p.  26.) 
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reached,  the  depth  of  fresh  water  below  sea 
level  at  any  point  on  the  island  will  be  propor- 
tional to  the  fresh  water  head  above  sea  level  at 
that  point  and  the  ratio  between  the  depth  and 
head  of  the  fresh  water  will  depend  upon  the 
relation  between  the  specific  gravities  of  the 
fresh  and  salt  waters. 

The  following  explanation,  by   Brown    (1925, 
p.  16),   of  the  relation   between  salt  water  and 
fresh  water  under  a  small  sand  island  is  appli- 
cable both  to  figure  [2A]  and  figure  [2B]  : 
Let  17=total  thickness  of  fresh  water. 

fc=depth  of  fresh  water  below  sea  level. 
f=height  of  fresh  water  above  mean  sea 
level. 
Then  H=h  +  t 

But  the  column  of  fresh  water  H  must  be 
balanced  by  a  column  of  salt  water  h  in  order 
to  maintain  equilibrium.  Wherefore,  if  g  is  the 
specific  gravity  of  sea  water  and  the  specific 
gravity  of  fresh  ground  water  is  assumed  to  be 
1. 

H=h  +  t  =  h<) 
t 


whence  // 


?-l 


In  any  case  g— 1  will  be  the  difference  in  spe- 
cific gravity  between  fresh  water  and  the  salt 
water. 

If  it  is  assumed  that  the  specific  gravity  of 
sea  water  is  1.025,  which  is  about  an  average 
figure,  then  /*— 407.  In  other  words,  for  every 
foot  that  the  fresh  water  stands  above  sea  level, 
it  extends  40  feet  below  sea  level.  This  ratio 
is  so  extreme  that  it  is  not  practicable  to  show 
it  in  the  various  parts  of  figure  [2].  For  con- 
venience, therefore,  the  first  three  parts  of  this 
figure  have  been  drawn  with  a  ratio  of  1  to  10 

I  between  the  head  and  depth  of  the  fresh  water. 
This  would  be  the  true  condition  if  the  specific 
gravity  of  the  sea  water  were  1.100  instead  of 
about  1.025.  The  fourth  part  of  this  figure  is 
drawn  with  a  ratio  of  1  to  5  between  the  head 
and  depth  of  the  fresh  water  and  represents  an 
imaginary  specific  gravity  of  sea  water  of  1.200. 

|  The  general  relation  between  fresh  and  salt 
water  shown  by  these  diagrams  is  not  affected 
in  the  least  by  this  assumption  of  a  specific  grav- 
ity of  sea  water  greater  than  the  range  that 
occurs  in  nature.  The  specific  gravity  of  sea 
water  varies  from  place  to  place,  so  that  the 
figure  of  1.025  used  in  the  example  above  is  only 
an  approximate  average. 

In  nature  a  body  of  land  composed  entirely  of 
permeable  material  to  any  great  depth  is  rare. 
The  occurrence  of  beds  or  layers  of  impermeable 
material  does  not  change  the  basic  principles 


just  discussed,  but  it  does  modify  their  applica- 
tion. If  the  island  shown  in  figure  [2B]  were 
underlain  by  clay  or  bedrock  that  reached  a 
level  above  the  bottom  of  the  fresh-water  body, 
conditions  such  as  those  shown  in  figure  [2C] 
would  occur.  Along  the  coast  the  position  of 
the  contact  would  be  determined  by  the  head  of 
the  fresh  water,  just  as  in  an  island  composed 
entirely  of  sand,  but  under  the  center  of  the 
island  fresh  water  would  extend  all  the  way 
down  to  the  impermeable  layer  and  would  not 
be  in  direct  contact  with  salt  water. 

The  modification  of  conditions  by  impermeable 
formations  is  even  more  marked  on  the  coasts 
of  larger  bodies  of  land,  where  water-bearing 
sands  may  lie  under  and  between  as  well  as  above 
layers  of  impermeable  material  and  may  slope 
upward  to  remote  intake  areas  well  above  sea 
level.  Along  such  a  coast  the  conditions  in  a 
permeable  sand  underlain  by  impermeable  ma- 
terial would  be  similar  to  those  in  the  sand 
island  underlain  by  impermeable  material,  except 
that  the  fresh  water  would  be  in  contact  with 
salt  water  only  on  the  side  exposed  to  the  ocean. 

Figure  [2D]  shows  two  conditions  which 
occur  in  water-bearing  sands  confined  between 
layers  of  impermeable  material.  This  diagram 
differs  essentially  from  the  others  in  that  it 
shows  the  conditions  that  occur  when  the  fresh- 
water in  the  sand  is  under  artesian  head  rather 
than  under  water-table  conditions.  In  the  upper 
sand  in  this  diagram,  the  salt  water  and  fresh 
water  are  in  balance,  just  as  in  the  preceding 
examples.  Salt  water  fills  the  lower  part  of  this 
sand  and  fresh  water  fills  the  upper  part  of  it. 
The  position  of  the  contact  is  determined  by  the 
head  of  the  fresh  water,  which  in  turn  is  deter- 
mined by  the  elevation  of  the  intake  area.  The 
similarity  between  the  conditions  in  this  sand 
and  those  in  the  U-tube  in  figure  [2A]  is  easily 
apparent. 

In  an  artesian  sand,  the  water  is  prevented 
from  rising  to  the  surface  by  the  overlying  im- 
permeable bed.  It  is  under  a  head  that  would 
cause  it  to  rise  in  a  well  to  a  level  above  the 
bottom  of  the  confining  bed.  The  imaginary 
surface  that  would  pass  through  the  surface  of 
the  water  in  a  well  drilled  to  the  sand  at  any 
point  throughout  its  extent  is  called  the  "piezo- 
metric  surface."  The  piezometric  surface  is 
therefore  a  pressure-indicating  surface,  and  its 
elevation  at  any  point  indicates  the  head  on 
the  water  in  the  sand  at  that  point.  At  the 
intake  area  of  the  sand  it  merges  into  the  water 
table  which,  though  not  imaginary,  might  be 
considered  a  part  of  the  piezometric  surface. 
In  a  section  such  as  figure  [2D]  the  line  repre- 
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senting  the  piezometric  surface  is  the  hydraulic 
gradient  of  the  water  in  the  sand  along  the 
section.  As  there  is  no  flow  in  the  upper  sand 
in  this  figure,  the  line  representing  the  piezo- 
metric surface  is  level  and  extends  from  the 
intake  area  toward  the  ocean  as  far  as  the 
fresh  water  extends  in  the  sand. 

In  the  lower  sand  in  figure  [2D]  the  head  of 
the  fresh  water  is  sufficient  to  cause  a  flow  of 
fresh  water  into  the  ocean  below  sea  level,  form- 
ing a  suboceanic  fresh-water  spring.  The  fresh 
water  fills  the  water-bearing  formation  down 
to  the  bottom  edge  of  the  overlying  impermeable 
layer  and  far  enough  below  this  level  to  permit 
the  water  to  flow  out  into  the  ocean.  Here 
again,  the  salt  water  fills  the  lowest  part  of  the 
formation,  but  as  the  pressure  in  the  main  body 
of  fresh  water  is  greater  than  that  in  the  salt 
water  at  the  outlet,  the  salt  water  fills  only  that 
part  of  the  formation  in  which  the  head  of  the 
fresh  water  has  been  reduced  below  the  pressure 
of  the  salt  water  by  the  resistance  of  the  sand 
to  its  movement.  The  line  representing  the 
piezometric  surface  for  this  sand  slopes  gently 
downward  from  the  intake  area  to  the  point 
where  the  thickness  of  the  sand  carrying  fresh- 
water is  reduced  by  the  intrusion  of  salt  water. 
From  that  point  to  the  point  of  discharge,  the 
slope  increases.  .  .  . 

Any  general  lowering  of  the  head  of  the  fresh 
water  in  a  sand  exposed  for  a  part  of  its  extent 
to  the  waters  of  the  ocean  will  permit  the  salt 
water  to  advance  farther  inland  and  occupy  more 
of  the  sand.  The  lowering  may  be  caused  by 
natural  conditions,  such  as  a  dry  year  or  a 
series  of  dry  years,  but  lowering  due  to  such 
causes  is  not  likely  to  have  any  serious  conse- 
quences, unless  it  occurs  in  conjunction  with 
artificial  withdrawal  of  water  from  the  sand. 
This  is  usually  accomplished  through  wells, 
either  by  pumping  or  by  the  natural  flow  from 
artesian  sands.  Pumping  water  from  a  water- 
bearing sand  lowers  the  head  of  the  water  in 
it  materially  in  the  immediate  vicinity  of  the 
point  of  pumping  and,  to  a  decreasing  extent,  for 
a  considerable  distance  away.  If  this  lowering 
of  head  or  "cone  of  depression"  occurs  above  or 
extends  beyond  the  zone  of  contact,  it  will  disturb 
the  balance  between  fresh  and  salt  water  and 
permit  the  salt  water  to  move  up  through  the 
formation  toward  the  well.  The  radius  and 
depth  of  the  cone  of  influence  increase  as  the 
rate  of  pumping  from  the  well  is  increased  .  .  . 

The  specific  gravity  of  sea  water  varies  slightly 
from  place  to  place  and  sometimes  at  different 
depths  at  the  same  place,  but  it  is  never  much 
greater  than  that  of  fresh  water.     For  the  pur- 


pose of  this  report,  the  specific  gravity  of  fresh 
water  may  be  considered  to  be  1.000.  In  the 
summer  of  11)13.  Rigelow  6  found  that  the  specific 
gravity  of  the  water  off  the  Atlantic  coast  of 
the  northern  United  States  at  different  places 
and  at  different  depths  ranged  from  1.019  to 
1.028. 

Owing  to  the  very  small  difference  between  the 
specific  gravity  of  fresh  water  and  that  of  salt 
water,  a  slight  change  in  the  head  of  the  fresh 
water  produces  a  very  considerable  change  in 
the  position  of  the  zone  of  contact.  If  a  water- 
bearing sand  is  exposed  to  sea  water  having  a 
specific  gravity  of  1.025,  the  level  of  the  fresh 
water  in  it  must  be  maintained  at  2.5  feet  above 
mean  sea  level  if  the  zone  of  contact  is  to  be 
held  at  a  depth  of  100  feet  below  sea  level.  A 
fresh-water  head  of  5  feet  above  mean  sea  level 
would  be  sufficient  to  hold  back  the  sea  water  to 
a  depth  of  200  feet  below  sea  level.  Similarly, 
if  the  fresh  water  head  in  such  a  sand  were 
lowered  only  2.5  feet,  it  would  permit  the  salt 
water  to  rise  100  feet.  If  the  fresh  water  head 
in  the  sand  were  lowered  to  sea  level,  the  salt 
water  would  rise  to  sea  level.  In  a  gently  sloping 
confined  sand,  such  as  the  upper  sand  in  figure 
[3CJ,  a  vertical  rise  of  100  feet  might  represent 
a  movement  of  the  salt  water  several  miles 
inland  .  .  . 

It  has  already  been  pointed  out  that  salt  water 
fills  the  sand  around  and  beneath  the  lens  of 
fresh  water  under  a  small  island  composed  en- 
tirely of  sand.  The  effect  of  pumping  a  well  in 
such  a  sand  island  is  shown  in  figure  [3A].  As 
the  depth  of  the  zone  of  contact  at  any  point 
on  this  island  is  determined  by  the  head  of  the 
fresh  water  at  that  point,  any  lowering  of  the 
water  table  on  the  island  would  cause  a  rise 
of  the  salt  water  beneath  the  point  where  the 
lowering  of  head  occurred.  The  section, in  figure 
[3A]  is  shown  passing  through  a  shallow  well 
that  is  being  pumped  at  a  rate  sufficient  to  draw 
the  level  of  the  fresh  water  down  to  a  point 
somewhat  above  sea  level.  The  cone  of  depres- 
sion caused  by  pumping  this  well  causes  the 
salt  water  to  rise  from  beneath  the  island  in 
shape  similar  to  the  cone  of  depression  but  in- 
verted and  proportionally  much  greater  in  its 
vertical  dimension.  This  rise  in  the  zone  of 
contact  might  well  be  called  a  salt-water  cone 
of  elevation.  The  distance  which  the  salt  water 
rises  is  proportional  to  the  amount  of  lowering 


6  Hl  B.  Bigelow.  Exploration  of  the  coastal  watei 
between  Nova  Scotia  and  Chesapeake  Bay,  July  and  Au- 
gust 1913,  by  the  U.S.  Fisheries  schooner  Grampus. 
Harvard  College,  Museum  Comparative  Zoology  Bulle- 
tin, vol.  69,  No.  4,  figs.  55,  61.     1915. 
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of  the  water  table,  and  the  ratio  between  the 
lowering  of  the  water  table  and  the  rise  of  the 
salt  water  is  determined  by  the  relation  between 
the  specific  gravities  of  the  fresh  water  and  the 
salt  water.  The  position  of  the  zone  of  contact 
beneath  the  island  is  not  affected  outside  of  the 
area  of  the  cone  of  depression  produced  by  pump- 
ing the  well. 

A  lowering  of  the  water  table  on  the  island 
by  the  pumping  of  a  well  will,  of  course,  pro- 
duce the  same  effect  whether  the  well  is  shallow 
or  deep.  As  long  as  the  water  table  is  not  low- 
ered to  sea  level,  there  will  be  a  space  filled  with 
fresh  water  between  the  bottom  of  the  cone  of 
depression  and  the  peak  of  the  salt  water  cone 
of  elevation.  It  is  evident,  therefore,  that  a 
shallow  well  on  such  an  island  might  yield  fresh 
water,  whereas  a  deeper  well  at  the  same  point 
and  pumped  at  the  same  rate  would  penetrate 
the  salt-water  cone  of  elevation  and  yield  salt 
water  .  .  . 

Figure  [3B]  shows  the  result  of  pumping 
water  from  a  well  on  a  sand  island  underlain 
by  impervious  material.  A  well  very  near  the 
coast  of  such  an  island  would,  of  course,  en- 
counter conditions  similar  to  those  in  an  island 
composed  entirely  of  sand.  Obviously,  the  safest 
location  for  a  [fresh-water]  well  on  such  an 
island  would  be  near  its  center.  In  this  loca- 
tion a  well  might  be  pumped  at  a  rate  that  would 
draw  the  water  table  down  even  below  sea 
level  without  drawing  in  salt  water,  provided 
the  cone  of  influence  did  not  extend  to  any  point 
at  which  it  would  be  lowering  the  fresh-water 
head  above  the  zone  of  contact.  Under  such 
conditions  a  "fresh  water  barrier"  is  said  to 
be  maintained  between  the  well  and  the  salt 
water.  If  the  location  of  the  well  or  the  rate 
of  pumping  from  it  is  such  that  the  cone  of 
influence  extends  beyond  the  zone  of  contact, 
the  fresh-water  barrier  will  be  broken  down,  and 
salt  water  will  be  drawn  into  the  well.  The 
diagram  shows  the  conditions  that  will  occur 
when  a  well  on  the  island  is  pumped  at  a  rate 
which  would  cause  its  cone  of  influence  to  extend 
beyond  the  nearest  part  of  the  zone  of  contact. 
The  salt  water  would  move  in  under  the  island 
and  form  a  cone  of  elevation  beneath  the  well, 
similar  to  the  one  that  would  be  formed  on  the 
sand  island  shown  in  figure  [3A]  except  that 
it  would  be  cut  off  at  the  bottom  by  the  im- 
pervious layer.  Here  again  a  shallow  well  might 
yield  fresh  water,  whereas  a  deeper  well  at  the 
same  place  pumped  at  the  same  rate  would  yield 
salt  water  .  .  . 

In  an  artesian  sand  the  pumping  of  a  well  may 


not  draw  the  head  down  to  such  a  depth  that 
the  sand  around  the  well  is  drained,  as  under 
water-table  conditions.  Usually  pumping  a  well 
that  taps  an  artesian  supply  merely  lowers  the 
head  at  and  around  the  well  and  creates  a  cone 
of  depression  in  the  piezometric  surface  without 
unwatering  any  of  the  sand.  Figure  [3C]  illus- 
strates  conditions  under  which  salt  water  might 
be  drawn  into  such  a  sand.  In  the  upper  sand 
in  the  figure  a  well  in  the  part  of  the  formation 
that  contains  salt  water  would,  of  course,  yield 
salt  water  from  the  beginning.  Salt  water  would 
be  drawn  into  a  well  farther  inland  if  the  cone 
of  influence  of  the  well  extended  beyond  the 
edge  of  the  zone  of  contact.  If  the  well  were 
near  the  zone  of  contact,  as  shown  in  the  dia- 
gram, this  might  occur  with  only  a  very  slight 
lowering  of  the  fresh-water  head  in  the  for- 
mation as  a  whole. 

DEVELOPING  THE  WELL 

From  a  shallow  test  well,  we  found  the 
ground-water  level  at  an  average  depth  of 
11  feet,  and  about  0.9  feet  above  tide  level 
of  the  bay.  Accordingly,  with  bay  salin- 
ities ranging  from  20  to  28  parts  per  thou- 
sand, depth  of  the  fresh-water  lens  was 
estimated  to  be  from  35  to  45  feet  below 
the  ground-water  level  or  from  46  to  56 
feet  below  the  surface. 

We  planned  to  drill  the  well  to  a  depth 
between  50  and  75  feet  depending  upon 
the  quality  of  water  located  and  the  drill- 
ing problems  encountered.  Because  of  the 
fragility  of  the  PVC  pipes,  the  well  pipe 
was  water- jetted  into  place  (within  the 
6-inch  iron  housing).  This  process  util- 
izes a  bentonite  clay  and  water  mixture. 
Consequently,  in  sampling  the  ground  wa- 
ter for  salinity  as  drilling  proceeded,  it 
was  necessary  to  completely  flush  the  sand 
of  the  clay-water  mixture  by  extensive 
pumping  of  the  well  before  drawing  a 
sample. 

The  water,  therefore,  was  tested  for  salt 
content  at  only  a  few  intervals  during  the 
jetting  operation.  Jetting  was  terminated 
at  70  feet  because  of  excessive  loss  of  the 
bentonite  mixture  through  a  layer  of 
coarse   gravel    (more   than   three-eighths 
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Figure  3. — Effect  of  pumping  water  from  wells  in  sands  exposed  to  salt  water  contamination :  A, 
in  an  island  composed  of  sand ;  B,  in  a  sand  island  underlain  by  impervious  material ;  C,  on 
the  coast  of  a  large  body  of  land  where  the  water  is  confined  between  impermeable  layers. 
(From  Barksdale,  Sundstrom  &  Brunstein,  1936 — Supplementary  Report  on  the  Ground- Water 
Supplies  of  the  Atlantic  City  Region;  fig.  6,  p.  31.) 
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inch    in    diameter)    encountered    at    this 
depth. 

Results  of  testing  confirmed,  in  general, 
the  theories  of  Barksclale  et  al.  (1936)  re- 
garding depth  of  the  fresh- water  lens. 
This  is  shown  as  follows  (average  ground- 
water level  11  feet  below  surface;  salinity 
of  the  bay  26  to  27  parts  per  thousand)  : 

Salinity  of 
well  water 
in  parts 
At  depth  of —  per  thousand 

11  feet 0 

27  feet 0 

52  feet 20 

58  feet 25 

65  feet 26 

70  feet 23 

However,  the  zone  of  diffusion  was  not 
as  narrow  as  indicated  by  Barksdale  et  al. 
(1936).  Another  unexpected  result  was 
the  reduction  in  salinity  below  65  feet,  in- 
dicating that  fresh  water  was  intruding 
from  below,  perhaps  under  artesian  pres- 
sure resulting  from  the  increase  in  eleva- 
tion of  the  stratum  toward  the  adjoining 
land  mass.  The  effect  of  these  factors  is 
to  confine  'the  zone  of  higher  salinity  wa- 
ter to  a  relatively  narrow  band.  The 
thickness  of  this  band  can  be  expected  to 
change  in  response  to  changes  in  the  sa- 
linity of  the  bay  and  the  height  of  the 
fresh- water  head  above  sea  level. 

On  this  basis,  we  decided  to  establish 
the  well  at  60  to  65  feet,  but  in  raising  the 
plastic  well  pipe  from  the  point  of  maxi- 
mum penetration  (70  feet)  to  a  shallower 
depth,  the  well  screen  became  dislodged. 
In  order  to  replace  this  screen,  the  casing 
was  removed.  Unfortunately,  it  could  not 
be  reinstalled  to  the  same  depth,  and  the 
well  screen  finally  was  established  at  a 
maximum  depth  of  57^  fee^?  where  the 
salinity  was  only  1  part  per  thousand  less 
than  that  of  the  bay  (fig.  4) . 

After  the  initial  flushing,  the  water,  as 
it  came  from  the  well,  was  quite  clear  and 
appeared  at  first  to  meet  all  quality  re- 
quirements, but  within  4  hours  following 


exposure  of  the  water  to  air,  a  brownish- 
red  precipitate  appeared  rendering  the 
water  unsuitable  for  our  use  without 
treatment. 

The  precipitate  proved  to  be  iron  at  a 
concentration  of  4.8  parts  per  million,  ap- 
pearing as  ferric  hydroxide,  Fe(OH)3, 
which  resulted  from  oxidation  of  soluble 
ferrous  hydroxide,  Fe(OH)2. 

In  the  Monmouth  County  area  of  New 
Jersey,  iron  contamination  of  potable 
ground-water  supplies  of  fresh  water  is  a 
familiar  problem.  In  order  to  eliminate 
excessive  amounts  of  iron  in  domestic  wa- 
ter supplies,  local  communities  commonly 
drill  wells  to  depths  of  over  700  feet. 
Fresh-water  supplies  for  Army  installa- 
tions at  Sandy  Hook  are  presently  taken 
from  wells  of  500  to  900  feet  in  depth  to 
avoid  iron  contamination,  which  is  very 
often  associated  with  sands  of  the  English- 
town  formation.7  From  logs  of  wells 
drilled  at  Sandy  Hook,  sands  of  the  Eng- 
lishtown  formation  appear  to  range  from 
120  to  170  feet  below  land  surface  and  are 
underlain  by  sand  and  sandy  clay  to  a 
depth  of  about  230  feet,  which  in  turn  is 
underlain  by  clay  strata.  In  places,  this 
clay  is  a  solid,  impermeable  layer  10-feet 
thick.  This  indicates  that  the  source  of 
iron  contamination  of  the  sea  water  sup- 
ply is  from  the  Englishtown  formation 
above  the  230-foot  clay  layer.  Since  it  is 
unlikely  that  iron  would  occur  in  the  shal- 
low, recent  sands  (in  which  the  well  screen 
is  located) ,  it  may  be  that  iron-bearing  wa- 
ter is  being  forced  up  from  the  English- 
town  formation.  The  pressure  could  re- 
sult from  a  standing  head  of  water  devel- 
oped over  the  clay  in  the  adjoining  land 
mass  because  the  strata  slope  rapidly  up- 
ward towards  the  shore. 

This  is  the  only  explanation  of  the  sa- 
linity reversal  which  appears  compatible 


7  The  Englishtown  formation  of  late  Cretaceous  age 
consists  of  tan  and  gray  quartz,  fine-  to  medium-grained 
sand,  locally  containing  beds  of  clay  (Seymour  Su- 
bitzky,  personal  communication). 
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with  the  explanations  of  Barksdale  et  al. 
Unfortunately,  no  funds  are  available  for 
further  explorations.  A  possible  solution 
to  be  investigated  when  funds  are  avail- 
able is  to  obtain  water  from  a  shallower 
point  than  the  present  57%  feet.     Accord- 


ing to  Seymour  Subitzky  of  the  U.S.  Geo- 
logical Survey,  there  is  some  hope  that  the 
amount  of  ferric  iron  in  solution  may  de- 
crease rapidly  above  the  point  of  maxi- 
mum salinity  which  is  at  full  bay  strength. 
The  upper  level  of  the  influence  of 


in- 


Submersible  pump,  23gpm. 
6"diameter  cast  iron  pipe. 
Well  screen.  *'.   • 


Figure  4. — Sea-water  well  installation  at  the  Sandy  Hook  Marine  Laboratory. 
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traded  iron -bearing  water  may  be  associ- 
ated with  the  upper  level  of  the  coarse- 
gravel  stratum  in  which  the  well  screen  is 
now  located.  We  hope  to  relocate  the  wTell 
screen  at  a  higher  point  where  we  may  find 
sea  water  of  acceptable  salinity,  but  with 
a  ferrous  iron  content  below  the  precipi- 
tation threshold — about  3  parts  per  mil- 
lion. 

Although  we  have  not  tested  the  pro- 
duction capacity  of  the  well,  it  can  be  as- 
sumed that  the  present  installation,  with 
a  larger  pump  and  transmission  line,  could 
produce  nearly  100  gallons  a  minute  with- 
out excessive  drawdown. 

CHARACTERISTICS  OF  THE   WELL  WATER 

In  order  to  use  the  well  water,  it  is  neces- 
sary to  allow  the  ferric  hydroxide  to  settle. 
This  has  been  accomplished  by  holding 
batches  of  water  in  a  2,000-gallon  tank. 
Since  the  flocculate  is  very  light,  requiring 
a  week  or  more  from  time  of  oxidation  to 
settling,  this  is  a  slow  process.  After  set- 
tling, however,  the  water  has  been  used 
successfully  to  rear  eggs,  larvae,  juveniles, 
or  adults  of  51  species  of  31  families  of 
fishes.  No  failure  to  maintain  any  species 
of  fish  can  be  attributed  to  the  quality  of 
the  decanted  water.  Many  groups  of  in- 
vertebrates (ctenophores,  coelenterates, 
mollusks,  echinoderms,  crustaceans)  and 
several  species  of  algae  also  have  been  suc- 
cessfully maintained  in  the  well  water. 
The  following  analysis  of  the  well  water 
(March,  1962)  shows  that  after  precipita- 
tion no  iron  remains  in  solution : 

Parts  per 
million 

Fe  in  solution,  after  settling 0.00 

Mn  in  solution,  after  settling .  19 

Fe,  before  settling 4.  8 

Mn,  before  settling .  29 

Si02,  before  settling 8.  8 

Chloride,  before  settling 10 

The  temperature  of  the  wTell  water,  taken 
during  the  occasional  pumping  intervals 
between  September  1961  and  March  1962, 
has  remained  at  56.3° ±0.2°  F.    Unfortu- 


nately, owing  to  the  settling  procedure,  the 
constant  temperature  factor  is  lost  and 
room  air-conditioning  is  used  as  a  substi- 
tute. When  the  water  is  ready  for  use 
after  settling,  pH  ranges  from  7.6  to  8.1, 
dissolved  oxygen  is  about  6  p.p.m.,  and 
specific  conductance  28,500  micromhos  (at 
25°  C.) 

DISCUSSION 

In  view  of  its  many  advantages,  it  is 
suggested  that  the  use  of  a  ground-water 
source  of  sea  water  be  explored  when  plan- 
ning a  supply  system  for  any  seaside  lab- 
oratory. The  feasibility  of  a  ground- 
water supply  will  depend  upon  local  con- 
ditions, and  few  generalizations  can  be 
drawn.  Generally,  if  underlying  earth 
material  is  uniformly  permeable  and  ex- 
tends laterally  to  the  surrounding  sea 
water,  a  sufficient  supply  can  be  obtained 
by  penetrating  to  a  depth  beneath  the 
fresh- water  layer  overlying  the  sea  water. 
There  remains,  as  a  major  problem,  the 
possibility  of  chemical  contamination  of 
the  ground- water  source. 

Except  for  the  iron  problem,  Sandy 
Hook  is  an  ideal  location  for  a  shallow 
salt-water  well.  In  many  other  areas  also, 
ground  sources  are  used  to  supply  aquari- 
ums. One  example  is  the  well,  described 
in  two  papers  in  this  collection  (Stras- 
burg,  Nakamura)  which  was  drilled  into 
a  coral  formation  in  Honolulu.  There  is 
also  a  well  in  use  at  the  Waikiki  Aquarium 
in  Honolulu.  Spencer  Tinker,  Director  of 
the  Aquarium,  has  given  us  the  following 
information  about  this  well : 

The  Aquarium  stands  on  the  edge  of  the  ocean 
just  a  few  feet  from  the  water.  The  land  under 
the  Aquarium  is  loose  unconsolidated  rubble, 
sand,  etc.,  to  a  depth  of  40  feet.  From  40  feet 
downward  for  an  unknown  distance  there  is  an 
ancient  coral  reef  which  is  quite  solid  but  which 
contains  scattered  sand  pockets  and  which  is 
permeated  by  sea  water.  The  Aquarium  bored 
a  hole  in  this  area  80  feet  in  depth.  This  hole 
is  larger  than  a  foot  in  diameter  and  has  the 
upper  40  feet  cased  with  a  12-inch  wrought-iron 
pipe.    This  pipe  or  casing  keeps  the  rubble  from 
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caving  into  the  well,  but  there  is  no  casing  in 
the  lower  half  of  the  well  where  the  hole  enters 
into  the  ancient  coral  reef.  The  water  from  the 
buried  coral  reef  enters  the  lower  open  part  of 
the  well  and  rises  up  the  casing  and  stands  at 
tide  level.  The  Aquarium  pumps  this  water  out 
of  the  casing  and  it  continually  replaces  itself 
from  the  coral  reef  beneath.  This  12-inch  well 
cost  $1,600  and  took  about  4  or  5  days  to  drill. 
We  pump  500  to  600  gallons  a  minute  from  it, 
but  it  will  yield  in  excess  of  1,000  gallons.  When 
the  pumping  rate  approaches  1,000  gallons  a 
minute,  the  drawdown  approaches  2  feet.  The 
quality  of  this  water  is  good.  It  is  absolutely 
clear,  without  larvae  of  any  kind,  free  from  sea- 
weed, and  makes  us  independent  of  storms  and 
tides.  It  is  more  saline  than  the  water  on  the 
shoreline  and  compares  in  salinity  with  the  water 
far  at  sea.  It  is  about  1°  or  so  cooler  than  the 
shoreline  water.  Its  great  disadvantage,  if  this 
be  one,  is  that  it  contains  no  oxygen.  The  oxy- 
gen in  this  water  measures  about  0.1  cc.  per  liter. 
This,  of  course,  is  insufficient  for  any  biological 
work.  We  do  imagine,  however,  that  this  lack 
of  oxygen  may  prolong  the  life  of  various  things 
that  rust.  To  restore  the  oxygen  into  this  water, 
we  let  the  water  draw  in  air  as  it  comes  forth 
from  the  valve  above  the  fish  tank.  This  simple 
act  lifts  the  oxygen  content  to  about  2.5  cc.  per 
liter.  This  is  not  enough,  perhaps,  but  it  gets 
better  with  use  and  aeration. 

These  wells  can  be  drilled  close  together.  Eight 
or  ten  feet  apart  is  sufficient  distance  to  provide 
a  well  of  the  same  capacity  as  the  first  one. 
These  can  be  drilled  into  lava  rock  as  well  as 
into  the  coral  reef. 

The  New  York  Aquarium  on  the  beach 
at  Coney  Island  also  uses  a  ground-water 
supply.  All  attempts  to  pump  water  di- 
rectly from  the  sea  have  been  abandoned 
in  favor  of  two  12-inch-diameter  wells 
drilled  to  a  depth  of  just  over  200  feet, 
into  a  stratum  of  coarse  gravel  which  pro- 
vides excellent  sea  water.  Each  well  is 
capable  of  producing  600  gallons  a  minute. 
The  major  problem  associated  with  the 
Coney  Island  wells  is  that  the  water  must 
be  oxygenated.  The  New  York  Aquar- 
ium, which  is  about  7y2  nautical  miles 
north  of  the  Sandy  Hook  Marine  Labora- 
tory, has  no  iron  problem  with  its  wells. 

Efforts  to  locate  a  subsurface  source  of 
sea  water  at  the  Miami  Marine  Laboratory 


were  unsuccessful  (see  Wisby,  this  vol- 
ume) because  of  contamination  of  the 
ground  water  by  H2S. 

At  the  time  of  writing,  the  Narragansett 
Marine  Laboratory  at  Kingston,  R.I.,  was 
in  the  process  of  developing  a  ground- 
water supply  of  sea  water.  The  plans  for 
this  system  called  for  a  series  of  collecting 
wells  from  which  the  water  was  to  flow 
by  gravity  through  pipes  to  a  central 
pump  well.  The  water  was  to  be  pumped 
from  the  central  well  to  a  storage  tank 
from  which  the  aquariums  were  to  be  sup- 
plied by  gravity. 

EQUIPMENT  SUPPLIERS 

The  major  suppliers  of  components  of 
our  sea  water  system  are  listed  below : 

Submersible  pump — Model  75  Kl-5Ca  (This 
model  contains  some  metallic  parts  and  is  in 
use  temporarily  until  the  all-plastic  model, 
75  Ml-5Cb,  becomes  available)  :  Red  Jacket 
Mfg.  Co.,  Davenport,  Iowa. 

Water-supply  pipe  and  fittings — Kraloy  Type 
II,  Schedule  80,  pipe  and  fittings  (3-inch- 
diameter,  thick-wall,  threaded  PVC  pipe 
and  l^-inch-diameter  PVC  pipe)  :  Kraloy/ 
Chemtrol  Co.,  Santa  Ana,  Calif. 

Drain  line  and  fittings— "Tuftite"  PVC  Plastic 
Sewer  and  drain  pipe  (During  the  course 
of  our  well-drilling  operation  we  changed 
from  the  aforementioned  Kraloy/Chemtrol 
Company  to  this  manufacturer  for  the  fol- 
lowing reasons  :  ( a )  A  branch  office  located 
nearby,  therefore  involving  lower  shipping 
expenses,  and  (&)  a  wider  selection  of  ma- 
terial, particularly  fittings.  Lower  prices. 
All  pipe  and  fittings  could  have  been  ob- 
tained from  this  source. ) 

Well  screen :  Gator  Sales  Co.,  Shreveport,  La. 
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PRACTICAL  SUGGESTIONS  FOR  CONSTRUCTION 
AND  MAINTENANCE  OF  LARGE-VOLUME 
SEA-WATER  SYSTEMS 

By  John  T.  Hughes,  Marine  Biologist 

Massachusetts  Division  of  Marine  Fisheries,  Vineyard  Haven,  Mass. 

Abstract. — A  brief  description  is  given  of  a  sea-water  supply  system  in  use  in  a 
lobster  hatchery  and  research  station  in  a  region  where  the  winters  are  severe.  Two 
electrically  driven  pumps  supply  a  maximum  of  900  gallons  per  minute  to  an  overhead 
tank  holding  15,000  gallons.  The  water  flows  by  gravity  to  station  aquariums.  Thirty- 
four  concise  suggestions  are  presented  to  allay  problems  of  fouling,  siltation,  equipment 
breakdown,  and  toxicity. 


The  Commonwealth  of  Massachusetts 
built  a  sea-water  system  in  1948  to  supply 
water  to  the  new7  lobster  hatchery  and  re- 
search station  located  in  Oak  Bluffs  on  the 
island  of  Martha's  Vineyard.  The  salt- 
water system  supplying  the  station  con- 
sists of  two  450-gallons-per-minute  cast- 
iron  centrifugal  pumps,  each  with  its  own 
6-inch  plastic  suction  line  and  cross-valved 
so  that  both  pumps  can  use  either  suction 
line.  The  suction  lines  are  approximately 
400  feet  long  lying  on  the  bottom  of  the 
sea,  with  the  foot  valve  supported  5  feet 
off  the  bottom  in  10  feet  of  water.  The 
foot  valves  are  kept  off  the  bottom  by  lash- 
ing them  to  pilings,  the  tops  of  which  are 
below  the  surface  of  the  water  at  the  lowest 
tide  level  in  order  to  prevent  the  ice  from 
moving  them  in  the  winter. 

Just  before  the  suction  lines  enter  the 
pumps,  each  line  has  a  basket  strainer  to 
catch  mussels  or  other  fouling  organisms 
which  might  plug  the  pump  impeller. 
The  pumps  alternate  in  filling  the  storage 
tank  when  the  water  level  drops  3  feet. 

Contribution  No.  10  of  the  Division  of  Marine 
Fisheries,  Massachusetts  Department  of  Natural 
Resources,  Boston,  Mass. 


The  pumps  are  electrically  driven;  one 
pump  is  made  so  that  it  can  be  coupled  to 
an  auxiliary  gasoline  engine.  The  water 
is  pumped  into  a  cylindrical  15,000-gallon 
steel  tank  which  is  supported  15  feet  off 
the  ground.  The  water  then  passes  to  the 
station  by  gravity  through  a  6-inch  pipe 
from  which  2-inch  lines  lead  to  the  various 
tank  systems. 

The  following  is  a  list  of  methods  and 
features  which  are  suggested,  on  the  basis 
of  our  experience,  to  combat  problems, 
such  as  fouling,  siltation,  equipment 
breakdown,  and  toxicity  of  components. 

1.  After  one  has  carefully  figured  out 
what  size  pipe  and  pump  will  be  necessary 
to  supply  sea  water  to  an  installation, 
double  the  size  of  everything. 

2.  Install  one  more  pump  than  is  neces- 
sary to  take  care  of  all  possible  emergen- 
cies. 

3.  Have  a  separate  suction  line  for  each 
pump  and  have  each  suction  line  cross- 
valved  (with  good  high-pressure  valves) 
so  that  any  suction  line  may  be  used  with 
any  pump. 

4.  Use  plastic  pipe  for  suction  and  dis- 
charge lines.    Use  no  pipe  with  copper. 
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5.  Use  flanged  fittings  with  brass  or 
stainless-steel  bolts  and  neoprene  washers. 

6.  Use  tees  for  elbows,  crosses  for  tees, 
and  have  flanged  unions  in  every  line. 

7.  Make  positive  that  there  are  no  air 
leaks  on  the  suction  side  of  the  pumps. 

8.  Any  pilings  used  to  support  pipe  in 
the  water  should  have  their  tops  a  few 
inches  below  low-water  mark  to  prevent 
the  ice  from  removing  them. 

9.  Mussels  can  be  killed  by  closing  off  a 
suction  line  for  a  few  weeks  and  using 
another  line.  (No  steam  can  be  used  with 
the  plastic  pipe  of  today.)  No  chemicals 
should  be  used  to  kill  fouling  animals. 

10.  Use  no  lead-  or  copper-base  paints 
in  tanks.    Use  only  plastic-base  paints. 

11.  Pump  to  a  storage  tank,  and  feed 
station  by  gravity. 

12.  Have  the  line  leading  from  the  stor- 
age tank  to  station  2  feet  above  the  floor 
of  the  storage  tank. 

13.  Use  fiberglass  tanks  and  holding 
units. 

14.  Do  not  use  lindane  or  similar  insect 
sprays. 

15.  Install  an  emergency  generating 
plant  to  take  care  of  lights  and  a  minimum 
of  one  pump. 

16.  Have  one  pump  capable  of  being 
coupled  to  a  gasoline  engine. 

17.  Have  an  emergency  bypass  from 
one  pump  to  station  without  going  through 
the  storage  tank. 

18.  Have  as  short  a  suction  line  as  pos- 
sible. Pump  from  a  sump  which  is  fed 
from  deep  water  through  a  5- foot  pipe. 

19.  Have  an  automatic  alarm  system  to 
warn  of  low  water  in  storage  tank.  Tele- 
phone lines  can  be  rented  to  ring  an  alarm 
in  several  isolated  homes  or  offices. 

20.  Have  gages  on  suction  and  discharge 
sides  of  pumps  to  indicate  pump  failures 
and  breakdowns. 


21.  To  clean  growth  from  insides  of 
some  pipes,  tie  old  tire  chains  on  a  rope 
and  pull  through.  Have  a  rope  on  both 
ends  so  that  the  chain  can  be  pulled  back 
if  it  gets  stuck. 

22.  Use  as  few  values  and  fittings  on  suc- 
tion side  of  pump  as  possible,  and  those 
used  should  be  of  high  grade. 

23.  Have  a  basket  strainer  on  suction 
line  just  before  pump  to  catch  detritus  and 
mussels  that  would  otherwise  get  plugged 
in  pump  impellers. 

24.  Use  circuit  breakers  instead  of  fuses. 

25.  Drill  y8  inch  holes  in  the  flapper  of 
the  check  valve  on  the  discharge  side  of 
the  pump  so  that  enough  water  can  pass 
back  through  the  pump  rather  than 
through  the  packings. 

26.  Put  as  few  pipes  as  possible  under 
the  ground. 

27.  Make  the  frost-proofing  boxes  easy 
to  take  apart. 

28.  When  passing  through  a  bulkhead, 
overhead,  or  floor  with  a  pipe,  leave  plenty 
of  room  to  disassemble,  particularly  when 
through  cement. 

29.  Make  sure  electrical  system  has  a 
good  ground,  and  protect  from  lightning. 

30.  When  installing  drainage  system, 
use  a  few  crosses  with  blank  faces  for 
future  additions. 

31.  Have  plenty  of  pitch  to  the  floor 
toward  drains. 

32.  Do  not  cover  with  cement  the  pipes 
that  are  to  be  used  for  heating  or  cooling 
water. 

33.  Use  the  type  of  pipe  supports  that 
can  be  easily  taken  apart  and  reused. 

34.  Where  Y-type  sediment  strainers  are 
to  be  used,  have  them  made  of  plastic 
(PVC)  pipe  and  perforated  sheeting. 
Sediment  strainers  should  be  three  times 
the  size  of  the  pipe  on  which  they  will  be 
used. 


NARRAGANSETT  MARINE  LABORATORY 
SEA- WATER  SYSTEM 

By  Charles  J.  Fish,  Director 

Narragansett  Marine  Laboratory,  University  of  Rhode  Island,  Kingston,  R.I. 

Abstract. — The  stormproof  sea-water  supply  and  distribution  system  of  the  University 
of  Rhode  Island's  Narragansett  Marine  Laboratory  comprises  six  intake  wells  along  the 
shoreline,  a  pump  well,  a  pipeline  to  an  elevated  receiving  tank,  and  a  distributing  pipe 
system  from  tank  to  laboratories.  The  system  delivers  about  120  gallons  a  minute  during 
pumping  periods. 


Installation  of  a  salt-water  supply  and 
distribution  system  on  the  Narragansett 
Bay  Campus  of  the  University  of  Rhode 
Island  has  been  complicated  by  (1)  its 
easterly  exposure  which  in  the  past  neces- 
sitated frequent  storm  damage  repairs, 
and  (2)  seaward  runoff  of  fresh  ground 
water  in  the  upper  bottom  layer  which  pre- 
cluded use  of  well-points  for  intake  filtra- 
tion. Filtration  has  been  found  necessary 
in  the  bay  to  prevent  fouling  growth  in  the 
pipes. 

To  overcome  these  obstacles  the  present 
stormproof  system  has  been  devised  dur- 
ing the  past  year  and  is  now  in  successful 
operation.  Grateful  acknowledgment  is 
made  for  the  valuable  services  of  Mr.  Clar- 
ence Ebaugh,  Consulting  Engineer,  whose 
examination  of  the  beach  fronting  the 
property  established  that  an  adequate  sup- 
ply of  Bay  water  would  percolate  freely 
through  the  sand  and  gravel  bottom  sedi- 
ment to  his  recommended  porous  intake 
pipe  and  well,  and  Mr.  Walter  Caccia, 
University  Hydraulic  Engineer,  who  mod- 
ified the  original  shoreline  installation 
plan,  designed  the  balance  of  the  system, 
and  supervised  its  installation. 

Contribution  No.  7  from  the  Narragansett 
Marine  Laboratory  of  the  University  of  Rhode 
Island. 
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As  shown  in  figure  1,  the  system  con- 
sists of  four  major  divisions,  a  unit  of  six 
intake  wells,  a  pump  well,  a  Transite  pipe- 
line leading  from  the  pump  well  to  an  ele- 
vated receiving  tank,  and  a  distributing- 
pipe  system  from  the  tank  to  the  labora- 
tories. 

Each  of  the  six  intake  wells  (fig.  2)  con- 
sists of  a  cylindrical  Transite  pipe  within 
a  larger  pipe  of  the  same  material,  with 
the  annular  space  between  the  two  filled 
with  graded  crushed  stone  to  act  as  a  filter. 
The  external  piping  is  36  inches  in  inside 
diameter  and  perforated  with  1-inch  holes 
on  3-inch  centers.  The  inside  piping  is  10 
inches  inside  diameter  with  %-inch  per- 
forations on  2-inch  centers.  This  inner 
pipe  collects  and  conducts  the  water  from 
the  crushed- stone  filter  to  the  manifold 
leading  to  the  pump  chamber. 

In  installing  the  intake  wells  the  fol- 
lowing steps  were  taken:  (1)  Building  of 
a  seaward  sand  and  gravel  barrier  dike 
sufficiently  offshore  to  permit  dredging  a 
crater  to  a  depth  of  12  feet,  (2)  arranging 
the  work  schedule  to  coincide  with  the 
time  of  the  falling  tide  and  period  of  low 
water,  (3)  providing  sufficient  pumping 
capacity  to  drain  the  crater  as  fast  or  fast- 
er than  the  fall  of  the  tide,  for  mainte- 
nance of  a  water- free  excavation,  and  (4) 
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Figure  1. — Salt-water  system  at  University  of  Rhode  Island  Graduate  School  of  Oceanography, 

Saunderstown,  R.I. 


assembling  of  the  entire  intake  well  unit 
on  shore  and  placement  in  the  drained 
crater  with  a  crane. 

The  pump  well  (fig.  2)  accommodates 
one  Flygt  Bibo  4  submersible  pump.  A 
second  pump  is  held  in  reserve  for  periodic 
rotation  or  quick  replacement  in  case  of 
emergency.  This  is  facilitated  by  having 
each  pump  fully  equipped  with  its  dis- 
charge piping.  Ever-tite  aluminum  rapid 
couplings  and  detachable  electrical  cables 
connect  the  pumps  and  receptacles,  thus 
simplifying  the  task  of  making  a  pump 
change.  The  pump  is  of  compact  design 
weighing  170  pounds.  It  is  29  inches  in 
height  and  19  inches  in  external  diameter. 

The  pipeline  conveying  water  from  the 
pump  well  to  the  elevated  receiving  tank 
is  entirely  self-draining  without  valleys 
or  dips  that  would  retain  water  between 
pumping  periods.     A  check  valve  and  a 


vacuum  breaker  in  the  line,  just  before 
entering  the  receiving  tank,  permit  the 
line  to  empty  itself  entirely  through  the 
pump  chamber  within  a  few  minutes  after 
cessation  of  pumping.  This  self-draining 
feature  of  the  line  eliminates  the  necessity 
of  insulating  it  against  freezing.  The  line, 
750  feet  in  length,  is  of  4-inch  Transite 
pipe  equipped  with  rubber  ring  couplings. 
Valves  and  checks  are  equipped  with 
Buna-N  seats  and  seals. 

The  receiving  tank  (fig.  3)  is  constructed 
of  wrood  with  a  lining  of  4-ply  fiberglass. 
The  supply  and  discharge  pipes  pass  ver- 
tically through  the  bottom  and  are  also  of 
fiberglass.  Two  mercury  float  switches  in 
the  tank  control  starting  and  stopping  of 
the  water  inflow,  operation  of  the  pump 
being  electrically  automatic. 

The  distribution  pipes  from  the  receiv- 
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ing  tank  to  the  working  stations  in  the  lab- 
oratories are  of  polyvinyl  chloride.  Each 
station  is  provided  with  Jamesbury  plastic 
ball  valves  (fig.  3)  and  terminates  with 
plastic  faucets  and  swivel  goosenecks. 
The  plastic  faucets  are  provided  with  plas- 
tic side  valves  for  connection  of  flexible 
lines  to  laboratory  aquaria. 


Pumping  against  a  head  of  75  feet  and 
through  the  4-inch  Transite  line  approxi- 
mately 750  feet  in  length,  the  system  is 
now  delivering  approximately  120  gallons 
per  minute  during  the  pumping  periods. 
Added  intake  Avells  could  be  installed  if 
an  increased  water  supply  should  be  re- 
quired at  some  future  time. 
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ABSTRACT 

Effects  on  cutthroat  trout  (Salmo  clarki  lewisi)  of  periodic  exposure  to  different  levels 
of  DDT  in  bath  and  in  food  were  determined  over  a  20-month  period  involving  one 
spawning  cycle.  High  dosages  produced  a  marked  increase  in  mortality,  probably  by 
reducing  resistance  to  nonspecific  stressors;  surviving  fish  in  high-dosage  lots  were 
significantly  larger  than  those  in  control  and  low-DDT  lots.  This  effect  occurred  with 
no  change  in  growth  rate,  perhaps  because  of  removal  of  smaller  and  less  vigorous  fish  by 
DDT.  The  number  and  volume  of  eggs  produced  was  not  reduced  by  DDT,  but  mortality 
among  sac-fry  appeared  to  be  highest  in  the  high-dosage  lots.  The  reproductive  potential 
of  fish  treated  at  high  levels  was  reduced  by  high  rates  of  mortality  among  adults  and  in 
sac-fry  from  survivors.  Intermediate  and  low  dosages  of  DDT  generally  did  not  measur- 
ably affect  mortality,  growth,  or  reproductive  potential,  indicating  that  a  threshold  level 
exists  around  0.1  p.p.m.  monthly  in  contact  form  and  around  0.3  mg.  DDT  per  kg.  of 
fish  weekly  in  the  diet  for  the  toxic  effects  of  DDT.  Metabolic  conversion  of  DDT  to 
DDE  occurred  to  a  greater  relative  extent  in  fish  exposed  to  low  dosages;  at  these  levels, 
total  residues  of  chlorinated  hydrocarbon  were  not  higher  than  in  controls.  Residues  of 
DDD  were  present  in  most  of  the  fish,  possibly  as  a  metabolite  of  DDT.  These  data 
suggest  that  the  usual  control  treatment  exposures  to  sublethal  levels  of  DDT  are  unlikely 
to  damage  a  population  of  rainbow  trout. 

IV 


SOME  CHRONIC  EFFECTS  OF  DDT 
ON  CUTTHROAT  TROUT 


By  Donald  T.  Allison,  Fishery  Research  Biologist,  Burton  J.  Kallman,  Chemist, 
Oliver  B.  Cope,  Fishery  Research  Biologist,  and  Charles  Van  Valin,  Chemist 

Fish-Pesticide  Research  Laboratory,  Bureau  of  Sport  Fisheries  and  Wildlife 


DDT,  1,1,1  -triehloro-2 ,2-bis  (p-chloro- 
phenyl)ethane,  is  the  most  widely  used 
chemical  insecticide  in  the  United  States, 
partly  because  of  its  low  cost,  partly 
because  of  its  insecticidal  efficiency,  and 
because  of  its  relatively  low  acute  toxicity 
to  "vertebrate  animals.  The  literature  on 
the  insecticidal  properties  of  this  chemical 
is  voluminous,  and  some  data  are  available 
on  its  acute  toxicity  for  mammals  (Neal 
et  al.  1946;  Phillips  and  Gilman,  1946), 
)irds  (Coburn  and  Treichler,  1946),  and 
fish  (Henderson,  Pickering,  and  Tarzwell, 
1959). 

The  oral  acute  mean  lethal  doses  re- 
ported for  mammals  range  from  150 
milligrams  per  kilogram  of  body  weight 
in  rats  (Smith  and  Stohlman,  1944)  to 
500  mg./kg.  in  man  (Negherbon,  1959). 
For  birds  the  reported  acute  mean  lethal 
doses  extend  from  60  mg./kg.  in  oil  in  the 
diet  of  quail  (Coburn  and  Treichler,  1946) 
to  600  mg./kg.  in  gum  acacia  in  the  diet  of 
young  pheasants  (DeWitt,  Derby,  and 
Mangan,  1955);  the  TLm  (the  concen- 
tration which  half  the  population  can 
tolerate)  values  listed  for  fish  range  from 
0.01  part  per  million  (in  the  medium)  for 


Note. — Present  addresses  of  the  authors  are 
as  follows:  Donald  T.  Allison,  Fish-Pesticide 
Research  Laboratory,  Jackson,  Wyo. ;  Dr.  Burton 
J.  Kallman,  Veterans  Administration  Center, 
Wadsworth  Hospital,  Wilshire  and  Sawtelle 
Blvds.,  Los  Angeles,  Calif.;  Dr.  Oliver  B.  Cope 
and  Charles  Van  Valin,  Fish-Pesticide  Research 
Laboratory,  Bldg.  45,  Federal  Center,  Denver,  Colo. 


rainbow  trout  to  0.1  p.p.m.  for  gold- 
fish (Odum  and  Sumerford,  1946). 

Large  doses  in  mammals  yield  the  neu- 
rologic syndrome  of  initial  hyperexcita- 
bility,  nervousness,  eyelid  twitching,  pro- 
gressing to  severe  and  general  twitching, 
giving  way  to  tonic-clonic  convulsions, 
followed  by  more  prolonged  twitchings 
and  convulsions,  and  attended  by  diffi- 
culties of  breathing.  Abrupt  culmination 
of  the  convulsive  phase  leaves  the  animal 
exhausted  and  motionless.  Repeated  doses 
may  resolve  to  final,  continuous,  and 
severe  tremor,  with  coma  preceding  death. 
In  subacute  dosage,  effects  such  as  hemo- 
globin decline  with  hypochromic  anemia 
reflect  a  dietary  cause  due  to  prolonged 
appetite  loss  and  inadequate  food  intake 
in  the  periods  of  tremor  and  convulsion. 
Some  of  the  acute  responses  observed  in 
fish  are  erratic  swimming,  loss  of  equilib- 
rium, and  hyperventilation. 

The  acute  toxicity  of  DDT  to  verte- 
brates is  relatively  low,  and  acute  mor- 
tality of  vertebrates  in  the  United  States 
from  exposure  to  DDT  is  probably  not 
great,  considering  the  large  quantities  of 
this  chemical  that  are  used  each  year. 
However,  there  is  some  concern  over  the 
possibilities  that  subclinical  damage  will 
occur  as  a  result  of  exposure  to  low  con- 
centrations and  not  be  recognized. 

The  Fish-Pesticide  Research  Laboratory 
of  the  Bureau  of  Sport  Fisheries  and  Wild- 
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life  organized  a  series  of  experiments  at  the 
National  Fish  Hatchery  at  Jackson,  Wyo., 
in  1960  to  measure  some  chronic  effects  of 
the  exposure  of  cutthroat  trout,  Salmo 
clarki  lewisi,  to  DDT.  Comparisons  be- 
tween untreated  fish  and  fish  exposed  at 
different  levels  of  DDT  were  made  over  a 
20-month  period. 

The   authors   are   indebted    to   several 
persons  who   assisted  on   the  project  in 


various  ways.  Joseph  Mazuranich  made 
facilities  available  at  the  National  Fish 
Hatchery  at  Jackson,  Wyo.  John  O'Don- 
nell,  Thomas  Shen,  Robert  Kroesen,  Diane 
Dwyer,  and  Robert  Slater  worked  on 
residue  analyses.  W.  R.  Bridges,  Austin 
Andrews,  Joseph  McCraren,  and  Vernon 
Bressler  assisted  in  field  operations  and  on 
logistic  problems.  Dr.  Louis  Locke  made 
histopathology  examinations  of  tissues. 


BACKGROUND 


The  experiments  began  on  December  8, 
1960,  and  were  designed  to  measure  effects 
on  cutthroat  trout  of  DDT  !  taken  through 
ingestion  and  through  contact  in  water. 
Eleven  lots  of  yearling  Snake  River  cut- 
throat cultured  in  the  National  Fish 
Hatchery  at  Jackson,  Wyo.,  were  used, 
each  lot  containing  636  fish.  One  lot  was 
an  untreated  control;  five  lots  were  ex- 
posed every  28  days  to  a  30-minute  bath 
of  DDT  in  55-gallon  drums  coated  with 
nontoxic  asphalt  paint,  each  lot  at  a  given 
sublethal  concentration;  five  lots  were 
given  DDT  once  a  week  in  a  pelleted  diet, 
each  lot  receiving  a  given  sublethal  con- 
centration; the  fish  averaged  6.5  inches  in 
length,  and  were  21  months  old  when  the 
experiment  began.  They  were  randomly 
divided  into  the  11  lots,  each  lot  was 
divided  into  3  sublots  with  equal  numbers 
of  fish,  and  the  sublots  were  randomly 
distributed  in  33  pens  in  2  raceways.  All 
33  sublots  received  'the  same  cultural  treat- 
ment through  the  experiment,  except  that 
the  fish  given  DDT  baths  received  extra 
handling  during  the  baths  and  some  fish 
received  extra  handling  during  artificial 
spawning.  Sample  fish  were  withdrawn 
according  to  a  schedule  and  were  either 
frozen  for  chemical  analysis  for  DDT 
residues  or  fixed  in  Bourn's  solution  for 
histopathological  examination.  Sublots 
were  weighed  periodically,  and  sample  fish 


and  those  that  died  during  the  experiment 
were  individually  weighed,  sexed,  meas- 
ured, and  examined  for  gross  pathology. 
Microhematocrit  measurements  were  made 
from  sample  fish.  Fish  were  spawned  in 
early  1962  and  the  eggs  were  cultured  in 
jars.  The  progeny  from  the  various  sub- 
lots  and  from  different  spawnings  were 
developed  and  their  identities  retained. 

The  fish  were  fed  a  commercial  dry  diet 
with  meat  supplement  before  initiation  of 
the  experiment.2  The  basic  diet  during 
the  experiment  was  a  dry  pelleted  formula- 
tion having  the  following  composition: 
Whitefish  meal,  24  percent;  wheat  mid- 
dlings, 24  percent;  distiller's  solubles,  21 
percent;  cottonseed  meal,  15  percent; 
brewer's  yeast,  10  percent;  skim  milk,  3 
percent;  cod-liver  oil,  3  percent.  To  each 
100  pounds  of  the  mixture  was  added  2 
pounds  of  corn  sirup  and  6  pounds  of 
water  and  dye.  The  diet  was  supple- 
mented with  beef  liver  and  spleen  2  days 
a  week.  The  fish  receiving  DDT  in  the 
diet  had  the  following  amounts  incorpo- 
rated in  the  pellets  every  7  days,  one  level 
for  each  lot:  3.0  milligrams  per  kilogram 
of  body  weight;  1.0  mg./kg.;  0.3  mg./kg.; 
0.1  mg./kg.;  and  0.03  mg./kg.  (table  1). 

The  fish  exposed  to  DDT  by  contact  in 
baths  were  exposed  to  the  following 
amounts,  added  in  acetone  solution,  one 
level  for  each  lot  of  fish:   1.0  part  per  mil- 


1  p,p'-DDT,    100-percent    reference    standard,    Nutritional 
Biochemicals  Corp.,  was  used. 


2  Comment  on  chlorinated  hydrocarbon  residues  in  the  com- 
mercial diets  is  given  on  p.  15. 
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0.1  p.p.m.;  0.03  p.p.m 


lion;  0.3  p.p.m 
and  0.01  p.p.m. 

Sample  fish  were  taken  in  the  following 
schedule:  Immediately  before  the  experi- 
ment began;  3,  7,  14,  27,  56,  and  111  days 
after  the  experiment  began;  and  about 
every  56  days  thereafter  (table  2).     The 

Table  1. — DDT  treatments  given  experimental  lots 


experiment  terminated  after  16  samples 
had  been  taken,  612  days  after  the  experi- 
ment began.  From  each  sublot  sampled, 
two  fish  were  taken  for  chemical  analysis, 
and  two  for  pathology  work. 

Table  2. — Sampling  schedule 


Lot 


Control: 

Lot  I 

DDT  in  water  bath 

Lot  II 

Lot  III 

Lot  IV 

Lot  V.... 

LotVL.... 

DDT  in  feed: 

Lot  VII 

Lot  VIII 

Lot  IX 

LotX 

Lot  XI 


DDT 
treatment 


None 

Parts  per 
million 

1.0 
.3 
.1 
.03 
.01 

Milligrams 

per  kilogram 

of  body  weight 

3.0 

1.0 

.3 

.1 

.03 


Sample 

Date 

Days 
elapsed 

Cumu- 
lative 
num- 
ber of 
feed- 
ings of 
DDT 

Cumu- 
lative 
num- 
ber of 
expo- 
sures 

to 
DDT 
in  bath 

Sample  1 

Dec.     6, 1960 
Dec.  11,1960 
Dec.   15,1960 
Dec.  22,1960 
Jan.     4, 1961 
Feb.     2, 1961 
Mar.  29, 1961 
May  24,1961 
July   18,1961 
Sept.  13, 1961 
Nov.    8,1961 
Jan.      4, 1962 
Feb.  28,1962 
Apr.  20,1962 
June  21,1962 
Aug.  13,1962 

__ 

7 
14 
27 
56 

111 

166 

221 

278 

334 

391 

446 

497 

559 

612 

0 

2 

3 

4 

9 

16 

19 

27 

34 

42 

49 

56 

63 

72 

79 

0 

1 

1 

1 

1 

2 

4 

6 

8 

10 

12 

14 

14 

14 

16 

18 

Sample  2 

Sample  3 

Sample  4 .. 

Sample  5 

Sample  6 

Sample  7... 

Sample  8 

Sample  9 

Sample  10 

Sample  11 

Sample  12 

Sample  13 

Sample  14... 

Sample  15 

Sample  16 

MORTALITY 


During  the  course  of  the  experiment, 
the  fish  were  treated  with  nf-180  for 
furunculosis,  sulfamerazine  for  furuncu- 
losis  and  kidney  disease,  formaldehyde  for 
fungus  and  animal  parasites,  acetic  acid 
for  Epistylis,  and  malachite  green  for 
fungus  after  spawning.  A  recent  analysis 
of  the  water  at  Jackson  indicated  a  pH 
of  7.8,  total  dissolved  solids  of  209  p.p.m., 
hardness  as  CaC03  of  168  p.p.m.,  and  a 
specific  conductance  of  340  micromhos  at 
25°  C. 

All  of  the  fish  which  died  during  the 
course  of  the  experiment  were  retained. 
Relatively  small  numbers  were  collected 
in  a  moribund  condition  and  included  for 
analysis. 

It  was  general  practice  to  record  the 
date  of  death  for  each  fish  as  well  as  its 
weight,  standard  length,  sex,  sexual  devel- 
opment, and  somatic  condition.  In  this 
manner  records  were  kept  for  approxi- 
mately 3,000  dead  fish  during  the  20- 
month    experimental    period.     In    a    few 


cases  some  of  the  recorded  data  were 
incomplete  or  questionable  and  could 
not  be  used  in  certain  phases  of  the 
analysis.  This  accounts  for  the  discrep- 
ancy between  the  numbers  used  for 
cumulative  mortality  and  those  used  for 
sex  ratios. 

The  33  sublots  were  located  randomly 
in  the  two  raceways.  Among  the  three 
sublots  of  any  given  lot,  mortality  was 
usually  a  little  higher  in  the  sublot  located 
at  the  lower  end  of  a  raceway.  However, 
because  the  sublots  were  generally  well 
scattered,  this  bias  applied  throughout 
all  treatment  levels.  To  simplify  analysis, 
data  from  sublots  have  been  combined 
and  are  presented  as  totals  for  each  of  the 
treatment  lots. 

The  mean  values  used  for  cumulative 
mortality  were  subjected  to  t  tests  at 
2-month  intervals  to  determine  whether 
the  values  for  treated  lots  were  signif- 
icantly different  from  those  of  the  control. 
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RESULTS 

Cumulative  Mortality 

Cumulative  mortality  for  lots  exposed 
to  DDT  in  bath  and  in  food  is  presented 
graphically  in  figure  1.  Although  the 
mortality  differs  among  lots,  the  mortality 
curves  are  very  similar  in  general  con- 
figuration. Fluctuations  in  mortality  are 
reflected  throughout  most  of  the  lots  on 
about  the  same  dates. 

DDT  in  bath. — Absolute  mortalities  for 
lots   II    (1.0  p.p.m.   DDT)    and   III    (0.3 


p. p.m.  DDT)  were  almost  identical,  with 
only  a  slight  temporal  and  numerical  lag 
on  the  part  of  lot  III.  The  cumulative 
mortality  in  lots  II  and  III  differed 
significantly  from  that  of  the  control  after 
the  fourth  month  of  exposure.  By  6 
months,  mortality  in  lot  II  was  signifi- 
cantly different  from  that  of  the  control 
(P<0.005),  and  the  same  applied  to  lot 
III  (P<0.001).  About  three  times  as 
many  fish  died  in  lots  II  and  III  as  in  the 
control  group  after  1  year  of  treatment 
until  the  end  of  the  experiment. 


50CH 


Figure  1. — Cumulative  mortality.     Each  lot  contained  636  fish. 
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Mortality  in  lot  IV  remained  at  a  point 
somewhat  less  than  halfway  between  the 
control  and  the  two  higher  dosage  lots 
throughout  most  of  the  experiment.  Mor- 
tality in  lot  IV  also  differed  significantly 
from  the  control  after  the  fourth  month  of 
treatment  {P<^0.005  at  6  months)  until 
the  end  of  the  experiment.  During  the 
last  4  months  there  was  a  marked  increase 
in  deaths  in  lot  IV. 

Differences  between  lots  V  and  VI  and 
the  control  were  never  statistically  sig- 
nificant. However,  by  the  end  of  the 
experiment  deaths  in  lots  V  and  VI 
exceeded  those  in  the  control  by  20  per- 
cent and  37  percent,  respectively.  Most 
of  this  difference  can  be  accounted  for  by 
high  mortality  in  lots  V  and  VI  during 
two  short  periods  centered  about  May 
and  October  1961.  These  were  periods 
of  high  mortality  for  all  lots.  It  was 
found  that  many  of  the  deaths  in  lots 
V  and  VI  at  these  times  resulted  from 
failure  of  the  fish  to  recover  following 
release  from  the  DDT  baths.  The  con- 
trol fish  were  held  in  aerated  tanks  during 
the  administration  of  DDT  to  the  bath- 
treated  lots.  Lots  V  and  VI  contained 
a  greater  total  weight  of  fish  at  these  times 
than  did  the  other  bath-treated  lots. 
Attempts  were  made  to  keep  the  weight 
of  fish  per  tank  low  enough  to  avoid  losses 
from  crowding.  However,  at  the  times 
mentioned  above  it  appears  that  there 
were  additional  factors,  such  as  reduced 
waterflow  and  handling,  which  caused 
unusual  heavy  losses  at  weight  levels 
which  had  previously  proved  safe.  As  the 
residue  levels  of  chlorinated  hydrocarbons 
in  samples  from  lots  V  and  VI  did  not  dif- 
fer greatly  from  those  found  in  the  control, 
it  is  unlikely  that  DDT  treatment  was 
one  of  these  factors.  It  is  felt  that  these 
occasional  excessive  losses  should  be  at- 
tributed primarily  to  the  stress  of  crowd- 
ing for  short  periods  of  time  during 
treatment. 

DDT    in   food.— Lot    VII    showed    a 

714-989  0—64 2 


sudden  and  marked  reaction  to  treatment 
after  only  1  month,  and  cumulative 
mortality  in  this  lot  differed  significantly 
from  the  control  at  the  end  of  3  months 
(P<0.05).  Most  of  the  fish  from  lot  VII 
which  are  included  in  the  mortality  data 
had  died  by  the  end  of  7  months.  At  this 
time,  mortality  in  this  lot  was  more  than 
10  times  that  in  the  control.  At  the  end 
of  the  experiment  total  mortality  was  still 
about  3%  times  as  great  as  in  the  control. 
All  of  the  fish  in  lot  VII  not  removed  alive 
for  samples  had  succumbed  by  April 
1962,  3  months  before  the  treatment  of 
other  lots  was  terminated. 

Lot  VIII  evinced  rapid  mortality  similar 
to  lot  VII  about  3  months  after  treatment 
was  begun,  and  its  cumulative  mortality 
differed  significantly  from  that  of  the 
control  following  the  fourth  month 
(P<0.01).  Mortality  in  lot  VIII  dimin- 
ished at  the  end  of  the  seventh  month 
when  it  approached  about  three-quarters 
of  the  magnitude  of  that  in  lot  VII.  At 
this  time,  cumulative  mortality  in  lot  VII 
was  significantly  higher  than  that  in  lot 
VIII  (P<0.01).  However,  subsequent 
mortality  in  lot  VIII  during  the  15th 
through  the  18th  months  brought  total 
mortality  for  this  group  very  close  to  the 
near  total  loss  of  fish  exhibited  by  lot  VII 
at  this  time. 

Mortality  in  lots  IX,  X,  and  XI  was 
almost  identical  to  that  in  the  control 
group  throughout  most  of  the  experiment. 
Even  the  terminal  value  of  lot  IX  was  not 
significantly  different  from  the  control  in 
spite  of  an  appreciable  increase  in  mortality 
during  the  17th,  18th,  and  19th  months. 

Relative  mortality 

Relative  mortality  within  lots  was 
calculated  by  comparing  deaths  per  month 
with  the  average  number  of  living  fish  in 
each  lot  during  the  month.  The  rates  of 
mortality  per  month  are  expressed  as 
percentages    in    figures    2    and    3.     The 
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heavily  dosed  fish  still  had  a  high  relative 
mortality  toward  the  end  of  the  experi- 
ment. 

DDT  in  bath. — All  of  the  bath-treated 
lots,  as  well  as  the  control,  displayed  a 
trimodal  distribution  of  relative  mortality 
(fig.  2).  These  modes  all  fell  near  the 
6th,  11th,  and  18th  months  following 
initial  treatment.  The  magnitude  of  rela- 
tive mortality  rates  of  lots  II  and  III  was 


similar.  The  highest  dosage  lots,  II  and 
III,  also  resembled  each  other  in  the  low 
middle  mode.  The  lower  dosage  lots  and  I 
the  control  exhibited  significant  relative 
mortalities  during  this  middle  period. 
Mortality  in  lot  IV  paralleled  that  in 
lots  II  and  III.  Lots  V  and  VI  did  not 
differ  greatly  from  the  control.  Lot  VI  j 
and  the  control  both  had  their  period  of 
maximum  relative  mortality  during  the 
11th  month. 

DDT  in  food. — Relative  mortality  rates 
in   lot   VII   had    a   bimodal   distribution 
in   time    (fig.   3).     The  first   and  higher  I 
mode  occurred  around  the  fourth  and  fifth   I 
months.    A  period  of  low  relative  mor- 
tality encompassed  the  4th  through  11th  I 
months.     This    was    followed    by    high 
relative  mortality  until  all  of  these  fish    I 
had  either  died  or  been  removed  as  samples 
by  the  latter  part  of  the  17th  month. 

Mortality  in  lot  VIII  resembled  the 
bimodal  distribution  of  lot  VII  but 
occurred  after  a  lag  of  1  or  2  months.  I 
However,  in  this  case,  the  second  mode 
was  greater  than  the  first  in  magnitude 
and  it  closely  approached  the  death  rate 
of  the  first  mode  of  lot  VII  during  the  J 
previous  year.  As  with  the  control  and 
the  bath-exposed  fish,  distribution  of 
relative  mortality  rates  in  lots  IX,  X, 
and  XI  was  trimodal.  The  first  and  last 
modes  of  lot  IX  were  higher  than  the 
middle  mode.  Lot  IX  also  reflected  the 
conditions  of  lot  VIII  by  displaying  its 
highest  mortality  during  the  last  few 
months  of  the  experiment.  The  monthly 
death  rates  of  lots  X  and  XI  were  very 
similar  to  those  of  the  control  during  the 
entire  experiment. 

Symptoms  of  disease 

All  fish  which  died  were  examined 
macroscopically  for  symptoms  of  disease 
and  traumatic  injury.  Numbers  and  per- 
centages of  dead  fish  displaying  obvious 
symptoms  of  disease  at  time  of  death 
(table  3)  exhibited  a  trimodal  distribution 
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DDT    IN   FOOD 


LOT  XT 


J    F    M   A    I 
PERIOD 


IGURE    3. 


JASONDJFMAMJ 

PERIOD  2 
MONTHS 


Monthly  mortality  of  fish  receiving 
DDT  in  food 


Table   3. — Disease  symptoms  among 

dead  fish 

Lot,  treatment,  and 
period » 

Number  of 
dead  fish 

Number  of 

dead  fish 

with 

symptoms 
of  disease 

Incidence 
of  disease 
symptoms 
among 
dead  fish 

Control: 

Lot  I  (no  DDT): 
Period  1    

34 

48 
41 

21 
17 
21 

Percent 

62 
35 
51 

Period  2 

Period  3 

Lot  I.. 

123 

59 

48 

DDT  in  bath: 

Lot  II  (l.Op.p.m.): 
Period  1___ 

266 
42 
94 

54 
13 
15 

20 

Period  2... 

31 

Period  3... 

16 

Lot  II 

402 

82 

20 

LotIII(0.3p.p.m.): 
Period  1 

259 
42 
102 

64 
4 
13 

25 

Period  2 

10 

Period  3 

13 

Lot  III 

403 

81 

20 

LotIV(0.1p.p.m.): 
Period  1 

131 

55 
98 

34 
13 
19 

26 

Period  2 

24 

Period  3 

19 

Lot  IV. __ 

284 

66 

23 

Lot  V  (0.03  p.p.m.): 
Period  1 

48 
61 
46 

28 
11 

18 

58 

Period  2 

18 

Period  3 

39 

Lot  V 

155 

67 

37 

Lot  VI  (0.01  p.p.m.): 
Period  1 

49 
88 
35 

24 
32 
16 

49 

Period  2... 

36 

Period  3.. 

46 

Lot  VI 

172 

72 

42 

DDT  in  food: 

LotVII3.0mg./kg.): 

396 
26 
27 

60 

7 
5 

15 

Period  2    

27 

Period  3 

18 

Lot  VII.. 

449 

72 

16 

Lot   VIII    (1.0  mg./ 
kg.): 
Period  1 

295 

14 

138 

72 
2 
16 

24 

Period  2 

14 

Period  3 

12 

Lot  VIII 

447 

90 

20 

LotIX(0.3mg./kg.): 
Period  1 

55 
41 
86 

25 
19 
21 

45 

Period  2 

46 

Period  3 

24 

Lot  IX 

182 

65 

36 

LotX  (0.1mg./kg.): 

31 
53 
50 

22 
22 
22 

71 

Period  2 

42 

Period  3 

44 

LotX 

134 

66 

49 

Lot    XI    (0.03    mg./ 
kg.): 
Period  1 

42 
45 
35 

30 
15 
16 

71 

Period  2 

33 

Period  3 

46 

Lot  XI 

122 

61 

50 

i  Period  1,  Dec.  8,  1960,  through  June  30, 1961;  period  2,  July  1' 
1961,  through  Dec.  31,  1961;  period  3,  Jan.  1,  1962,  through  July 
31,  1962. 
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of  relative  mortality  previously  discussed. 
The  relative  incidence  of  disease  symptoms 
among  dead  fish  was  much  higher  in  the 
control  and  low-dosage  lots  than  in  the 
high-dosage  groups  (table  3).  Conversely, 
the  absolute  number  of  disease-marked 
fish  was  highest  in  the  high-dosage  lots. 

Sex  ratios  of  mortalities 

The  data  for  the  sex  ratios  of  dead  fish 
are  given  in  table  4.  In  lots  II,  VII,  and 
VIII  nearly  all  of  the  fish  had  either  died 
or  been  removed  as  samples  by  the  end  of 
the  experiment,  and  their  sex  had  been 
determined.  The  initial  distribution  of 
the  sexes  was  fairly  even  in  these  three 
lots,  and  there  is  no  reason  to  believe  that 
this  was  not  the  case  in  the  remaining  lots. 

In  all  lots  except  lot  V,  more  males  than 
females  died  during  the  first  7  months  of 
the  experiment.  There  was  no  evidence 
of  selectivity  due  to  differences  in  treat- 
ment levels.  After  some  of  the  fish  had 
died,  as  in  the  high-dosage  lots,  females 
would  have  outnumbered  the  males  among 
the  survivors.  This  must  be  kept  in  mind 
when  examining  the  sex  ratio  data  from 
the  remaining  periods.  Since  mortality  of 
males  in  the  control  lot  was  accelerated  to 
about  the  same  degree  as  that  of  the 
treated  fish,  it  appears  that  the  toxicity  of 
DDT  was  not  selective  for  either  sex. 

Mortality   among   artificially   spawned 
females 

A  record  was  kept  during  part  of  the 
1962  spawning  season  on  the  number  of 
females  stripped  of  eggs  in  each  lot  and  the 
number  of  these  which  died  within  the 
next  few  weeks.  This  information  is 
presented  in  table  5. 

Fish  spawned  from  the  high-dosage  lots 
had  larger  average  sizes  and  appeared  to 
be  in  better  physical  condition  than  many 
of  those  spawned  from  the  control  and 
low-dosage  lots.     In  spite  of  this,  losses 


Table   4. 


-Sex   ratios   in  fish   dying   during   ex- 
periments 


Lot  treatment,  and 

Number 

Percent 

period  1 

Males 

Females 

Males 

Females 

Control: 

Lot  I  (no  DDT): 
Period  1.     

22 
29 
23 

12 
19 
18 

65 
60 
56 

35 
40 
44 

Period  2 

Period  3 

Lot  I 

74 

49 

60 

40 

DDT  in  bath: 

Lot  II  (1.0  p.p.m.): 

162 
16 
44 

104 
26 
50 

61 
38 
47 

39 
62 
53 

Period  2     

Period  3  .. 

Lot  II 

222 

180 

55 

45 

Lot  III  (0.3  p.p.m.): 

164 
16 
44 

95 
26 

58 

63 
38 
43 

37 

62 

57 

Period  2 

Period  3  

Lot  III 

224 

179 

56 

44 

Lot  D7  (0.1  p.p.m.): 

82 
30 
49 

49 
25 
49 

63 

55 
50 

37 
45 
50 

Period  2 

Period  3 

Lot  IV 

161 

123 

57 

43 1 

Lot  V  (0.03  p.p.m.): 
Period  1 

20 
33 
14 

28 
28 
32 

42 
54 
30 

58 
46 
70 

Period  2 

Period  3     

LotV 

67 

88 

43 

57 

Lot  VI  (0.01  p.p.m.): 

Period  1 

Period  2 

Period  3 

30 
49 
12 

19 
39 
23 

61 
56 
34 

39 
44 
66! 

Lot  VI     

91 

81 

53 

47 

DDT  in  food: 

LotVII(3.0mg./kg.): 
Period  1 

222 

8 
10 

174 
18 
17 

56 
31 
37 

44 
69 
63 

Period  2... 

Period  3 

Lot  VII 

240 

209 

53 

47| 

Lot  VIII  (1.0  mg./ 
kg.): 
Period  1 

186 

5 

55 

109 

9 

83 

63 
36 

40 

37 

64 
6C 

Period  2 

Period  3 

Lot  VIII 

246 

201 

55 

it 

LotIX(0.3mg./kg.): 

34 
23 

54 

21 
18 
32 

62 
56 
63 

I 

I 

Period  2 

Period  3 

Lot  IX 

111 

71 

61 

3! 

LotX(0.1mg./kg.): 

Period  1. 

Period  2 

18 
31 
17 

13 
22 
33 

58 
58 
34 

4! 
45 

Period  3  

Lot  X  

66 

68 

49 

fi 

LotXI(0.03mg./kg.): 

27 
29 
12 

15 
16 
23 

64 
64 
34 

1 
31 
3( 

• 

Period  2.  

Period  3  

Lot  XI 

68 

54 

56 

4 

i  Period  1,  Dec.  8,  1960, 
1961,  through  Dec.  31, 1961 
1962. 

through 
;  period , 

June  30,  19 
I,  Jan.  1, 19 

51;  perioc 
62,  throu 

1  2,  July  1 : 
gh  July  31 
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following  spawning  were  higher  in  stripped  rates  of  spawned  females  in  the  high- 
females  from  the  high-dosage  lots  than  dosage  lots  were  considerably  higher  than 
from    the    low-dosage    lots.     The    death     the    death   rates    for    the    entire   groups. 

Table  5.- Mortality  among  spawned  females  compared  with  mortality  among  remaining  fish  and  with 

mortality  for  all  fish 

[Data  for  period  Feb.  21,  1962,  to  Apr.  30, 1962,  for  lots  II  and  VIII  and  for  period  Feb.  21, 1962,  to  Apr.  12,  1962,  for  all  other  lots] 


Lot 


Control:  Lot  I 
DDT  in  bath: 

Lot  II 

Lot  III.... 

Lot  IV.... 

Lot  V 

Lot  VI 

DDT  in  food: 

Lot  VII... 

Lot  VIII... 

Lot  IX.... 

LotX 

Lot  XI 


All  lots. 


Treat- 
ment 


0 
P.p.m. 

1.0 
.3 
.1 
.03 
.01 
Mg./kg. 

3.0 

1.0 
.3 
.1 
.03 


Spawned  females  only 


Number 
offish 


Number 
dying 


90 


Percent 
dying 


10.3 

64.0 
45.7 
10.8 
5.1 
5.1 

100.0 
87.0 
11.8 
4.5 
3.0 


23.0 


All  fish  except  spawned  females 


Number 
offish 


333 

128 
152 
236 
331 

284 

16 
128 


319 


2,583 


Number 
dying 


Percent 
dying 


2.4 

23.4 

6.6 

3.0 

.9 

.7 

56.3 
59.4 
4.0 
1.8 
1.6 


All  fish  including  spawned 
females 


Number 
offish 


6.5 


372 

178 
187 
273 
370 
323 

17 
151 
377 
374 
352 


2,974 


Number 
dying 


259 


Percent 
dying 


3.2 

34.8 
13.9 
4.0 
1.4 
1.2 

58.8 
63.6 
5.0 
2.1 

1.7 


8.7 


DISCUSSION 

All  of  the  experimental  lots,  the  control 
included,  displayed  peaks  of  mortality 
during  spring  and  early  summer  of  both 
years.  None  of  the  fish  exhibited  typical 
symptoms  of  acute  DDT  poisoning.  How- 
ever, the  lots  which  received  the  most 
DDT  had  the  highest  death  rates  at  these 
times.  It  can  be  surmised  that  DDT  was 
-cting  in  conjunction  with  other  factors  in 
producing  mortality. 

Another  peak  in  mortality  occurred  in 
October  1961  in  all  lots  except  VII  and 
VIII.  This  peak  was  relatively  low  in 
ots  II  and  III.  The  control  and  lots  VI, 
X,  and  XI  suffered  more  losses  than  in  any 
Dther  month.  The  high-dosage  lots  had 
ower  mortality  rates  than  the  control. 

Some  factors  which  may  have  affected 
nortality  rates  were  temperature,  disease, 
Irugs  administered  for  treatment  of  dis- 
ease, and  handling  during  the  spawning 
)eriod.  Deaths  sometimes  followed  the 
lse  of  drugs,  but  there  was  no  apparent 
correlation  between  such  treatment  and 
he  periodic  accelerations  in  mortality 
ates.     Spawning  in   the  spring  of   1962 


contributed    to    mortality;    the    heaviest 
losses  were  in  the  high-dosage  lots. 

Evidence  of  disease  was  prevalent 
among  the  dead  fish  (table  3).  Through- 
out the  experiment  the  low-dosage  lots 
contained  obviously  sick  fish  which  sur- 
vived for  extended  periods  of  time  but 
were  the  first  to  succumb  during  the 
periods  of  high  mortality.  Fish  in  the 
high-dosage  lots  displaying  signs  of  illness 
seldom  survived  long.  The  second  period 
noted  in  table  3  included  the  October  1961 
peak  in  mortality  of  the  control  and  low- 
dosage  lots.  During  this  period  there  was 
a  low  incidence  of  disease  symptoms  in 
all  the  fish,  associated  with  low  mortality 
rates  in  the  high-dosage  lots.  The  higher 
mortality  in  low-dosage  and  control  lots 
during  this  period  may  reflect  an  addi- 
tional stress  factor  operating  on  weaker 
fish,  perhaps  of  a  constitutional  type  which 
had  largely  been  eliminated  during  the 
first  period  in  the  high-dosage  lots.  The 
periodicity  of  mortality  in  all  lots,  in- 
cluding the  control,  seems  to  indicate  that 
DDT  in  the  treated  lots  increased  mor- 
tality in  this  experiment  by  reducing 
resistance  to  other,  nonspecific,  stresses. 
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GROWTH 


Throughout  most  of  the  experiment  the 
pens  of  fish  were  inventoried  at  intervals 
of  approximately  4  weeks.  The  average 
weight  of  the  fish  in  the  individual  sublots 
was  used  as  a  measure  of  growth  and  for 
calculation  of  the  feeding  schedule.  Cal- 
culation of  true  growth  was  complicated 
by  the  removal  of  living  fish  for  scheduled 
samples  and  by  mortality  between  inven- 
tory dates.  Thus,  most  increments  in 
average  weight  between  inventory  dates 
are  biased  to  some  extent.  The  analysis 
which  follows  is  based  on  apparent  growth 


as   derived  from   the   average  weight   of 
surviving  fish. 

Weights  from  the  three  sublots  for  each 
treatment  level  have  been  grouped  to  give 
the  average  weight  per  lot  used  in  the 
analysis.  Differences  between  sublots 
within  treatment  levels  were  small.  The 
average  weights  of  treated  lots  were 
statistically  compared  to  the  control  by 
t  test  throughout  the  experiment. 

RESULTS 
Apparent  cumulative  growth 

Figure    4    illustrates    the    cumulative 


Figure  4. — Average  weights  of  surviving  fish.  The  dashed  line  representing  the  data  for  lot  VII 

signifies  the  reduced  numbers  of  fish  present. 
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Figure  5. — Average  daily  weight  changes  in  surviving  fish  receiving  DDT  in  bath. 


changes  in  average  weight  of  surviving  fish 
in  each  of  the  treatment  lots.  The  aver- 
age weights  of  the  fish  in  lots  II,  III,  VII, 
and  VIII  began  to  diverge  from  those  of 
the  other  lots  from  February  to  May,  and 
were  significantly  greater  than  the  average 
of  the  control  following  6  or  7  months  of 
treatment.  In  statistical  comparisons  be- 
tween these  groups  and  the  control,  t 
values  showed  the  differences  to  be  sig- 
nificant (P<0.025).  Values  for  the  lower 
dosage  groups  did  not  generally  differ  sig- 
nificantly from  the  control;  the  few  excep- 
tions were  confined  to  lots  IV  and  V  from 
December  1961  to  February  1962. 


Apparent  growth  rates 

Average  daily  increases  in  weight  be- 
tween inventory  dates,  expressed  as  a 
percent  of  the  average  weight  at  the  begin- 
ning of  each  period,  are  presented  in 
figures  5  and  6.  These  values  demon- 
strate that  the  apparent  growth  rates  for 
short  periods  of  time  were  quite  similar  for 
all  treatment  levels.  Periodic  fluctuations 
in  apparent  growth  rate  were  reflected 
throughout  all  of  the  lots  at  approximately 
the  same  date. 
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Figure  6. — Average  daily  weight  changes  in  surviving  fish  receiving  DDT  in  food. 


DISCUSSION 

Effects  of  sampling  and  mortality 

Fish  removed  for  scheduled  samples 
were  usually  somewhat  smaller  than  the 
average,  and  their  removal  tended  to 
increase  the  apparent  growth.  However, 
after  the  initial  2  months,  the  numbers 
taken  for  this  purpose  were  small.  The 
total  loss  of  fish  from  sampling  was  ap- 
proximately the  same  for  all  lots  through- 
out most  of  the  experiment.     Therefore, 


to  simplify  analysis,  it  may  be  assumed 
that  bias  from  this  source  was  applied 
equally  at  all  treatment  levels. 

Weights  of  fish  that  died  during  the 
experiment  were  compared  with  the  aver- 
age weights  of  living  fish  at  each  inventory 
date.  The  samples  included  all  dead 
fish  collected  daily  for  4  days  before, 
4  days  after,  and  on  each  inventory 
date.  It  is  difficult  to  assess  quanti- 
tatively the  degree  to  which  the  high- 
dosage    lots    differed    from    low-dosage 
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and  control  lots,  since  cumulative  mortal- 
ities varied  so  markedly.  It  appeared, 
however,  that  dead  fish  of  lot  I  did  not 
differ  in  weight  from  the  survivors  of  that 
lot,  whereas  throughout  the  first  year  in 
all  treated  lots  the  average  weight  of  the 
dead  fish  was  to  some  degree  lower  than 
that  of  the  survivors.  As  the  populations 
of  the  treated  lots  became  depleted,  the 
relative  incidence  of  large  dead  fish  in- 
creased. During  the  spawning  season  in 
the  spring  of  1962  the  dead  fish  averaged 
slightly  heavier  than  the  survivors.  As 
most  of  the  ripe  fish  in  any  lot  were  also  the 
largest  fish,  the  brunt  of  the  stress  from 
handling  at  this  time  was  borne  by  the 
heaviest  individuals.  However,  dead  fish 
in  lots  VII  and  VIII  began  to  outweigh 
the  survivors  as  early  as  December  1961, 
long  before  spawning  operations  were 
started. 

Effects  of  spawning  operation 

During  the  spring  of  1962,  all  lots  were 
handled  frequently  and,  in  addition,  they 
were  not  fed  for  extended  periods  before 
being  spawned  artificially.  The  effects  of 
handling  and  starvation  are  illustrated  in 
figures  4,5,  and  6  for  the  period  February  3 
through  April  23,  1962,  when  apparent 
growth  rates  ranged  from  small  positive 
to  large  negative  values.  As  might  have 
been  expected,  the  fish  became  thin  and 
most  of  the  apparent  decrease  in  growth- 
rate  for  this  period  reflects  the  actual  con- 
dition of  the  fish,  including  loss  of  body 
mass  when  eggs  were  extruded.  In  addi- 
tion, the  death  of  heavier-than-average 
fish  at  this  time  tended  to  reduce  the 
apparent  growth  rate. 

Immediately  after  spawning,  all  surviv- 
ing lots  showed  some  increase  in  average 
weight.  However,  mortality  rates  were 
high  at  this  time,  and  growth  values  are 
considered  to  be  strongly  biased. 

True  growth 


A  sudden  drop   in  mortality  occurred 

714-989  0—64 3 


after  the  end  of  June  1962.  Some  lots 
had  no  mortality  and  others  lost  from  one 
to  five  fish.  Since  no  samples  were  re- 
moved during  the  period  June  29  through 
July  26,  1962,  the  increment  of  growth  be- 
tween these  dates  may  be  construed  to 
approach  a  measure  of  the  true  growth 
rate  at  this  time.  The  average  weight  and 
the  number  of  fish  in  each  lot  did,  however, 
vary  considerably.  All  of  the  fish  used  in 
the  experiment  were  the  same  age,  but  the 
high-dosage  lots  were  composed  predom- 
inantly of  large  fish  which  had  demon- 
strated good  growth  up  to  this  time. 
Therefore,  it  is  not  too  surprising  that 
these  lots  displayed  the  greatest  percent 
increase,  as  shown  in  table  6.  This  sug- 
gests that  growth  is  not  inhibited  in  fish 
exposed  to  higher  dosages  of  DDT. 

Data  for  lot  VII  are  absent  from  table 
6.  This  lot  was  depleted  through  mortal- 
ity and  sampling  some  months  earlier. 
Fortunately  there  was  a  56-day  period  in 
the  late  summer  of  1961  when  lot  VII 
suffered  no  mortality  or  losses  due  to 
sampling  and  the  control  was  affected  only 
slightly  by  these  factors.  As  shown  in 
table  7,  percentage  growth  was  almost 
identical  in  these  lots  at  that  time. 

A  search  for  an  explanation  why  fish 
surviving  exposure  to  the  most  DDT  were 
the  largest  fish  during  most  of  the  experi- 
ment considered  the  following  possibilities: 
that  it  was  a  chance  occurrence;  that  DDT 
killed  the  small  fish,  and  spared  the  large 
ones;  that  DDT  killed  the  diseased,  slow- 
growing  fish,  and  left  the  fast-growing 
ones;  that  DDT  stimulated  growth;  and 
that  a  combination  of  the  above  factors 
was  responsible. 

Chance  is  ruled  out  as  an  explanation 
for  the  occurrence  of  larger  fish  in  the 
heaviest  treated  groups.  Figure  4  pre- 
sents too  consistent  a  picture  of  the  rela- 
tive positions  of  each  group  throughout 
the  20-month  span. 

Selection  by  the  elimination  of  small 
fish  in  the  high-DDT  lots  was  probably 
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Table  6. — Increase  in  weight  of  fish  during  period  June  29  through  July  26,  1962 


Lot 

Treatment 

Number 
offish 

Initial  aver- 
age weight 
(grams) 

Increase  in 
average 
weight 
(grams) 

Percent  increase  in 
weight 

Entire  lot 

Range  for 
sublots 

Control: 

Lot  I 

0 
p.p.m. 

1.0 
.3 
.1 
.03 
.01 
mg.lkg. 

1.0 
.3 
.1 
.03 

305 

50 

48 

145 

291 

263 

16 
263 
307 
291 

201 

261 
250 
219 
214 
215 

244 
200 
202 
209 

16 

31 

27 
18 
15 
16 

43 
6 
19 
17 

8.0 

11.9 
10.8 
8.2 
7.0 
7.4 

17.6 
3.0 
9.4 
8.1 

6.9-8.6. 

DDT  in  bath: 

Lot  II     

7.3-14.4. 

Lot  III     

7.3-29.1. 

Lot  IV 

6.4-9.3. 

Lot  V 

6.5-8.5. 

Lot  VI 

3.2-9.2. 

DDT  in  food: 
Lot  VIII- 

Lot  IX 

0-6.3. 

Lot  X     

6.6-12.6. 

Lot  XI-.  

6.0-11.6. 

Table  7. — Increase  in  weight  of  fish  in  lots  I  and  VII  during  the  period  July  28  through  September 

1961 


Lot 

Treatment 

Number 
offish 

Initial  aver- 
age weight 
(grams) 

Increase  in 
weight 
(grams) 

Percent  increase  in 
weight 

Entire  lot 

Range  for 
sublots 

Lot  I-     

0 

458 
60 

121 
163 

32 

44 

26.4 
27.0 

25. 4-28. 0 

Lot  VII 

3mg./kg. 

25. 6-30.  7 

a  factor  in  this  occurrence,  although  our 
data  did  not  show  significant  differences 
which  could  be  correlated  to  dosage. 
Selection  by  the  elimination  of  low-vigor, 
slow-growing  fish  by  DDT  might  also 
help  explain  what  happened.  Tt  has 
been  pointed  out  in  the  discussion  of  disease 
and  survival  that  fish  with  visible  pathol- 
ogy were  more  quickly  killed  if  they  had 
been  exposed  to  large  amounts  of  DDT 
than  if  the  exposure  had  been  slight. 
This  suggests  the  possibility  that  the 
survivors  in  high-dosage  lots  grew  faster 
than  those  in  low-dosage  lots,  since  the 
low-dosage  lots  had  a  higher  incidence 
of  disease  and  presumably  had  more  fish 
of  low  vigor.  It  is  assumed  that  disease 
was  originally  as  prevalent  in  large  fish  as 
in  small  ones.  Our  data  on  disease  do 
not  reveal  any  relation  between  fish  size 
and  incidence  of  disease,  so  this  mecha- 
nism remains  a  possibility  for  explaining 
differences  in  fish  size  from  lot  to  lot. 

This  concept  appears  to  be  compatible 
with    the    growth    and    mortality    data. 


The  differences  between  lots  in  growth 
rates  would  be  expected  to  be  related  to 
differences  in  mortality  rates.  Figures 
2,  3,  and  4  show  that  size  of  fish  in  lots  II 
and  III  began  to  diverge  from  that  of  fish 
in  other  lots  in  March  1961;  mortality 
exceeded  that  in  other  lots  in  March. 
Size  in  lot  VII  began  to  increase  over  the 
control  in  February,  the  same  month  in 
which  mortality  rates  became  significantly 
different  from  that  of  the  control.  Lot 
VIII  had  important  increases  in  mor- 
tality in  March,  and  the  correspond- 
ing increase  in  average  size  of  surviving 
fish  appeared  in  the  same  month.  This 
connection  between  increase  in  mortality 
and  differences  in  size  lends  credence  to 
the  theory  that  highly  dosed  lots  of  fish 
were  larger  because  of  the  rapid  death  of 
small  or  diseased  slow-growing  individuals. 
The  explanation  for  the  occurrence  of 
large  fish  in  the  high-dosage  lots  may  lie 
in  the  selective  death  of  smaller  and 
weaker  fish  with  less  growth  potential. 
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RESIDUES 


METHODS 


Residues  of  chlorinated  hydrocarbons 
were  determined  by  a  paper  chromato- 
graphic procedure  which  is  a  modification 
of  the  method  described  by  Mitchell 
(1958).  The  procedure  as  used  in  this 
laboratory  has  been  described  in  detail 
(Kallman  et  al.,  1962).  Two  purification 
steps  were  taken  in  preparing  extracts  for 
chromatography.  These  were  acetonitrile 
partition  and  sulfonation.  The  use  of 
MgO  for  cleanup  was  avoided,  since  it 
decomposes  DDT  and  DDD  (1,1-dichloro- 
2, 2-bis(p-chlorophenyl)  ethane),  both  of 
which  were  present  in  the  fish. 

Analyses  were  performed  on  aliquots  of 
homogeneous  blends  of  whole  fish  and 
anhydrous  Na2S04.  In  analyzing  adult 
fish,  50  grams  of  tissue  was  present  in  the 
aliquots;  when  the  fish  became  large 
enough,  these  determinations  were  per- 
formed in  duplicate  and  the  results  were 
i  averaged.  Fry  samples  and  pooled  organs 
or  tissues  were  treated  similarly  to  adult 
fish.     It    was    necessary    to    homogenize 


eggs  in  petroleum  ether:  diethyl  ether 
(9:1,  v:v)  in  a  blender;  the  solids  were 
filtered  off  and  reextracted  by  shaking  in 
the  same  solvent  mixture.  A  minimum 
of  one  adult  fish  from  each  sublot  was 
analyzed  at  each  sampling. 

RESULTS 

Fairly  high  residues  were  found  in 
control  fish.  The  commercial  diet  on 
which  the  fish  were  fed  before  the  start  of 
the  experiment  contained  chlorinated 
hydrocarbons  on  the  order  of  0.8  p. p.m. 
Chlorinated  hydrocarbons  were  present  in 
the  basic  diet  fed  to  all  the  fish  in  the 
experiment.  The  main  source  of  this 
material  was  a  grossly  contaminated  batch 
of  cod-liver  oil,  which  was  replaced  after 
having  been  used  for  about  1  year. 
Table  8  contains  analytical  data  for  the 
various  components  of  the  feed  and  the 
final  mixture.  Table  9  contains  residue 
data  for  adult  fish  expressed  as  total 
chlorinated  hydrocarbon  in  parts  per 
million;  figures  7  and  8  show  these  data 
plotted. 


DDT     IN    BATH 


A      S      0       N      D 
MONTHS 


A     M 


Figure  7.— Whole-body  residues  of  chlorinated  hydrocarbons  in  fish  receiving  DDT  in  bath. 


16 


ALLISON,    KALLMAN,    COPE,    &    VAN    VALIN 


Figure  8. — Whole-body  residues  of  chlorinated  hydrocarbons  in  fish  receiving  DDT  in  food. 


Residue  data  for  eggs  and  fry  are 
presented  in  table  10,  and  in  table  11 
for  pooled  organs  and  tissues  of  fish  which 
died.  The  fish  included  in  these  pools 
died  within  the  period  November  1961  to 
March    1962.     Table    12    shows    residue 


data   of   adult  fish  in   terms   of  relative 
amounts  of  the  three  chlorinated  hydro- 
carbons found,  DDT,  DDD,  and  DDE 
(1,1  -dichloro-2 , 2 -bis  ( p-chlorophenyl )  ethyl- 
ene). 
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Table    8. — Concentrations    of  chlorinated  hydro- 
carbons   in    components    of   the    basic    ration 

[Parts  per  million.    ND=None  detectable] 


Component 

DDT 

DDE 

DDD 

Total 

Mixture  fed 

Cod-liver  oil 

0.15 

3.0 

ND 

ND 

ND 

Trace. .. 
Trace... 
0.03 

0.46 

17.0 

ND 

ND 

ND 

Trace... 
Trace... 
0.04 

0.15 

3.7 

ND 

0.04 

Trace... 

0.05 

Trace... 
Trace... 

0.76. 
23.7. 
ND. 

0.04. 

Wheat  middlings 

Whitefish  meal 

Yeast. 

Trace. 
0.05+. 
Trace. 

Cottonseed  meal 

0.07+. 

DISCUSSION 

Examination  of  the  standard  deviations 
presented  in  table  10  provides  an  indica- 
tion of  the  extreme  individual  variation 
encountered  in  residue  analysis  for  chlori- 
nated hydrocarbons.  This  was  found 
with  both  bath  and  feeding  exposures. 
Despite  this  variation,  definite  trends  can 
be  found  in  the  residue  data.  Consider- 
ing the  bath-treated  fish,  persistently 
high  residues  were  found  in  lots  II  and  III. 
These  two  lots  did  not  differ  significantly 
from  each  other  in  either  mortality  or  resi- 
due buildup;  this  indicates  that  at  con- 
centrations of  about  0.3  p. p.m.  maximum 
uptake  of  DDT  occurs,  under  the  condi- 
tions of  this  experiment.  Both  lots  ap- 
peared to  reach  a  plateau  of  residue  build- 
up; lot  II  did  so  somewhat  earlier  than 
lot  III.  Lot  IV  accumulated  chlorinated 
hydrocarbon  at  a  slower  rate  and  con- 
tinued to  build  up  in  residue  throughout 
most  of  the  study.  Until  late  in  the  ex- 
periment, its  residue  amounts  were  dis- 
tinct from  those  of  lots  receiving  higher 
and  lower  treatment  levels.  Lot  VI  was 
almost  identical  to  the  control  fish  in 
amount  of  residues.  Lot  V  was  signifi- 
cantly different,  by  t  test,  from  the  control 
*oup  at  various  times,  but  not  at  other 
;imes.  This  probably  resulted  from  in- 
Idividual  variation  and  the  relatively 
Lall  number  of  fish  analyzed  at  each 
sampling;  it  seems  extremely  unlikely 
|that  this  effect,  or  the  crossing  over  of  the 
■esidue  curves  of  lots  II  and  III,  represents 


real  biological  events.  Both  exposures  of 
0.01  and  0.03  p.p.m.  (lots  VI  and  V)  thus 
appeared  to  produce  residue  buildups  not 
appreciably  different  from  the  controls, 
indicating  an  approximate  equilibrium  be- 
tween accumulation  and  metabolism  and 
excretion. 

More  distinct  differences  were  observed 
in  the  lots  receiving  DDT  in  their  feed 
than  in  those  bathed  in  DDT.  Residue 
accumulation  in  lots  VII  and  VIII  pro- 
ceeded at  rapid  and  different  rates.  There 
appears  to  be  no  limit  to  the  initial  rate  of 
DDT  uptake  from  food  with  the  dosages 
used  in  this  study,  except  that  imposed  by 
death.  During  the  latter  stages  of  the 
experiment,  residues  did  level  off  or  even 
drop  somewhat  in  these  two  lots.  A 
possible  explanation  for  this  might  be  an 
increased  rate  of  metabolism  and  excre- 
tion. There  did  not  appear  to  be  a  re- 
duction in  the  amount  of  body  fat  in  any 
of  the  DDT-exposed  fish;  presumably 
such  a  loss  would  lower  the  ability  of  the 
body  to  store  chlorinated  hydrocarbons. 
It  is  also  possible  that  this  apparent  re- 
duction in  the  rate  of  residue  buildup 
occurred  as  a  result  of  the  heavy  mortality 
in  these  two  lots.  Unfortunately,  residue 
analyses  were  not  performed  routinely  on 
samples  of  fish  which  died  during  the 
course  of  the  experiment;  possibly  such 
fish  contained  significantly  higher  residues 
than  the  survivors,  thus  weighting  future 
sampling  toward  lower  results.  Work  in 
this  laboratory  has  not  indicated  that 
fish  which  died  during  various  LC503  tests 
had  higher  residues  of  the  test  chlorinated 
hydrocarbons  than   did  survivors. 

Residues  in  lot  IX  were  markedly  lower 
than  those  of  lot  VIII,  but  higher  than 
control  levels.  Lots  X  and  XI  were  not 
significantly  different  from  the  controls. 

No  correlation  was  found  between  res- 
idue levels  and  either  size  or  sex  of  fish  in 
any  of  the  lots. 


J  LCso  is  the  effective  concentration  at  which  50  percent  of  the 
test  animals  die. 
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Table    10.— Residues  of  total  chlorinated  hydro- 
carbons in  eggs  and  fry 

[Parts  per  million] 


Eggs 

Fry 

"Pick- 

Treat- 

offs" 

Lot  and  sublot 

ment 

col- 

Collected 

Collected 

of 

lected 

Unfer- 

2 to  3 

5  to  6 

adults 

about 

tilized 

weeks 

weeks 

4  weeks 

after 

after 

after 

hatching 

hatching 

spawn- 

ing 

Lot  I:  Sublot  2.. 

0 
p.p.m. 

1.0 

0.2 

1.6 

0.2 

Lot  II 

1.0 

2.2 

Lot  III: 

Sublot  1 . . 

.3 

3.2 

2.5 

3.9 

}      '•' 

Sublot  3_. 

.3 

4.5 

2.3 

6.0 

Lot  IV: 

Sublot  1 

.1 

7.4 

1.2 

2.4 

}          U.2 

Sublot  3 

.1 

5.2 

2.9 

4.2 

Lot  V: 

Sublot  1 

.03 
.03 
.03 
.01 

.7 
1.8 
2.9 

1.4 

3.1 

Sublot  2 

.4 

Sublot  3 

1.0 

Lot  VI 

8 

Lot  VIII: 

mg./kg. 

Sublot  1 

1.0 

1.0 

.7 
5.3 

11.0 
19.8 

Sublot  3 

13.2 

Lot  IX: 

Sublot  2 

.3 

3.0 

5.8 

5.9 

}      ■•= 

Sublot  3 

.3 

3.9 

3.1 

2.8 

Lot  X: 

Sublot  2 

.1 

1.1 

2.4 

2.1 

}      '■• 

Sublot  2 

.1 
.03 

.7 

Lot  XI 

2 

1  These  figures  represent  analytical  results  of  pooled  samples 
from  2  sublots. 


Table  11. — Residues  of  total  chlorinated  hydrocarbons  in 

[Parts  per  million.    Numbers  of  fish  are  approximate] 


of  dead  fish 


Tissue 

Lot  II  (8  fish) 

Lots  V  and  VI  combined 
(15  fish) 

Lot  VIII  (8  fish) 

Lots  X  and  XI  combined 
(15  fish) 

DDT 

DDE 

DDD 

Total 

DDT 

DDE 

DDD 

Total 

DDT 

DDE 

DDD 

Total 

DDT 

DDE 

DDD 

Total 

Brain 

Skeletal 
muscle  . 

Liver - 

Ovary 

Out 

Testes. ... 

6.2 

3.3 
1.3 

8.6 
1.0 
.6 

6.3 

1.5 
1.8 
2.9 
2.4 
1.0 

1.0 

.3 

2.5 
.8 

1.3 
.4 

13.5 

5.1 
5.6 
12.2 
4.7 
2.0 

ND 

0.4 
.2 

1.4 

Trace 

.3 

1.3 

.3 

.8 
1.8 
1.5 
3.5 

ND 

0.1 
.4 
.3 
.4 
.1 

1.3 

.8 
1.4 
3.5 
1.9 
3.9 

28.0 

7.8 
1.8 
4.8 
1.0 
1.3 

7.0 

2.3 
1.4 
.9 

.8 
.7 

1.0 

.8 
7.0 

.9 
2.5 

.4 

36.0 

10.9 
10.2 
6.6 
4.3 

2.4 

0.5 

.3 
.3 

.8 
1.5 
.1 

0.5 

.3 

.9 

.7 

5.5 

.2 

Trace 

0.05 
.4 
.2 
.3 
.1 

1.0 

.6 
1.6 
1.7 
7.3 

.4 
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REPRODUCTION 


METHODS 


During  the  spring  of  1962,  about  15 
months  after  the  experiment  was  begun, 
many  of  the  fish  approached  sexual  ma- 
turity. Eggs  were  stripped  from  females 
as  they  became  ripe  through  a  period  of 
more  than  3  months.  While  lack  of 
sufficient  hatching  facilities  prevented  the 
incubation  of  all  of  the  eggs,  an  attempt 
was  made  to  rear  at  least  three  collections 
from  each  of  the  three  sublots  representing 
each  treatment  level.  In  some  cases,  where 
few  eggs  were  taken  each  time,  as  many  as 
six  collections  were  incubated  from  a  single 
sublot.  Eggs  were  fertilized  with  milt 
from  males  in  the  same  sublot.  All  col- 
lections were  kept  segregated  by  sublot 
and  date  of  spawning. 

For  each  collection  (i.e.,  eggs  from  one 
sublot  taken  on  a  given  day)  the  volume 
of  eggs  was  determined  by  displacement. 
The  average  size  of  the  eggs  in  each  col- 
lection was  determined  by  sample  count 
in  a  standard  measuring  trough. 

After  measurement  for  egg  production, 
coagulated  eggs  were  removed  and  meas- 
ured to  determine  initial  mortality.  The 
remaining  eggs  were  then  incubated  in 
hatching  jars  modified  as  outlined  by  Buss 
(1959).  Coagulated  and  undeveloped  eggs 
were  removed  and  measured  volumetri- 
cally  following  eyeing  and  hatching. 

The  surviving  fry  were  raised  to  various 
stages  of  development  in  the  hatching  jars. 
Most  of  the  fry  were  sacrificed  for  samples 
a  few  weeks  after  hatching.  However, 
some  of  them  representing  most  of  the 
treatment  levels  were  still  alive  and 
growing  well  more  than  8  months  after 
the  eggs  were  fertilized. 

RESULTS 
Sexual  development  of  adults 

The  proportion  of  sexually  mature  fish 
was  higher  in  the  high-dosage  lots  than  in 


the  low-dosage  groups.  Approximate  per- 
centages of  females  which  were  ripe  when 
fish  were  spawned  were  as  follows:  I,  4; 
II,  7;  III,  8;  IV,  6;  V,  4;  VII,  10;  VIII,  7; 
IX,  5;  X,  3;  XI,  4.  This  was  apparently 
due  to  the  higher  incidence  of  small  fish 
in  the  control  and  low-dosage  lots.  Sub- 
jective observation  at  time  of  spawning 
revealed  no  discernible  differences  in 
sexual  development  between  fish  of  like 
size  at  any  of  the  treatment  levels. 

Egg  production 

In  all  lots  there  were  wide  variations  in 
both  the  size  and  the  number  of  eggs  pro- 
duced by  individual  females.  When  these 
data  were  grouped  by  lot,  the  average  egg 
production  was  similar  for  most  treatment 
levels  (table  13).  The  volume  and  num- 
bers of  eggs  produced  by  lot  VIII  fish 
stands  out  higher  than  the  rest,  but  it, 
along  with  lot  III,  contained  larger-than- 
average  females  at  this  time.  Moreover, 
the  volume  of  eggs  per  unit  weight  of 
female  was  also  highest  in  lots  III  and 
VIII.  In  any  event,  prolonged  treatment 
with  DDT  at  the  higher  levels  apparently 
was  not  detrimental  to  numbers  and 
volumes  of  eggs  produced  in  the  survivors. 

Development  of  progeny 

Mortality  rates  for  developing  eggs  are 
presented  in  table  14.  Considering  the 
environmental  factors  involved,  the  sur- 
vival rates  for  all  lots  during  incubation 
were  uniform.  The  notable  exception 
was  lot  VII,  the  fish  fed  the  most  DDT, 
where  only  one  female  survived  for  spawn- 
ing. Low  survival  in  this  case  may  have 
been  caused  by  DDT  or  may  simply  re- 
flect poor  fertilization  or  some  individual 
deficiency  in  one  of  the  parents. 

Mortality  among  the  sac-fry  of  all  lots 
was  so  high  that  it  proved  impractical  to 
make  accurate  measurements  of  losses  at 
this    stage.     However,    the    mortality   of 
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Treatment 

A— Group  of  females 

B— Random  sample  from  A 

Number  of 
females 

Milliliters 

of  eggs  per 

female 

Estimated 

number  of 

eggs  per 

female  i 

Number  of 
eggs  per 
milliliter 

Number  of 
females 

Average 

weight  in 

grams 

Milliliters 

of  eggs  per 

kilogram 

offish 

Lot  I    

0 

p.p.m. 
1.0 
.3 
.1 
.03 
.01 

mg./kg. 

3.0 

1.0 

.3 

.1 

.03 

45 

52 
37 
40 
46 
41 

1 
25 
50 
34 
41 

30.7 

35.8 
38.1 
34.0 
33.8 
33.4 

32.0 
43.8 
33.1 
30.6 
35.2 

870 

1,000 

1,030 

940 

930 

880 

860 

1,210 

920 

870 

1,000 

28.3 

27.8 
27.1 
27.7 
27.5 
26.2 

26.9 
27.7 
27.7 
28.5 
28.3 

15 

35 
18 
21 
19 

24 

18 

27 
21 
25 

200 

201 
221 
214 
214 
201 

260 
227 
204 
212 
200 

172 
179 

Lot  II 

Lot  III    

206 
175 

Lot  IV 

Lot  V 

165 

Lot  VI        

178 

Lot  VII 

123 

Lot  VIII        -- 

197 

Lot  IX     

175 

LotX 

164 

Lot  XI.. 

184 

•  Rounded  to  the  nearest  10. 

sac-fry  was  discernibly  higher  in  lots  II, 
III,  and  VIII  than  in  lots  I,  IV,  V,  VI,  IX, 
X  and  XI.  Only  five  eggs  hatched  in 
lot  VII,  and  these  fry  died  within  a  few 
days.  Very  few  fry  from  lot  VIII  sur- 
vived until  the  feeding  stage;  sac-fry 
mortality  in  lots  IT  and  III  was  not  as 
high.  Once  the  fry  began  to  feed,  mor- 
tality was  low  in  all  of  the  lots,  including 
the  few  survivors  of  lot  VIII.  The 
growth  rates  for  individual  collections  of 
fry  were  variable  but  there  was  no  appar- 
ent correlation  with  the  exposures  their 
parents  had  received.  Residue  data  are 
presented  in  table   11. 

Table     14. — Mortality     rates     of    eggs 
[Percentages  are  based  on  eggs  remaining  after  previous  pickoff] 


Lot 

Treat- 
ment 
of 

adults 

Initial 
volume 
of  eggs 

Mortality 

after 
harden- 
ing 

Mortality 

between 

initial 

pickoff 

and 
eyeing 

Mortality 

between 

eyeing 

and 

hatching 

I-. 

0 

P.p.m. 
1.0 
.3 
.1 
.03 
.01 

Mg./kg. 

3.0 

1.0 

.3 

.1 

.03 

Milli- 
liters 
1,381 

1,861 
1,411 
1,360 
1,553 
1,370 

32 
1,095 
1,653 
1,060 
1,445 

Percent 
3.3 

.7 
1.8 

.8 
2.0 
2.9 

19.3 
3.1 

2.5 
.9 
1.9 

Percent 
53.1 

48.7 
40.2 
42.0 
32.9 
34.4 

90+ 
47.6 
41.8 
41.4 
38.5 

Percent 
10.0 

II 

10.5 

III 

13.6 

IV 

9.4 

V... 

9.5 

VI... 

11.0 

VII.. 

90+ 

VIII 

8.5 

IX 

11.0 

X 

19.1 

XI... 

9.4 

DISCUSSION 

There  was  no  indication  that  DDT  at 
the  levels  administered  in  this  experiment 
affected  the  rate  of  sexual  development  or 
gamete  production  of  the  treated  adults. 
Fertilized  eggs  from  treated  adults  de- 
veloped as  quickly  as  those  from  the 
controls,  and  their  survival  to  hatching 
was  even  somewhat  better.  However, 
there  was  a  critical  period  shortly  after 
hatching  when  mortality  was  noticeably 
higher  in  offspring  of  the  high-dosage  lots. 
Losses  were  heavy  in  all  lots  at  this  time. 
Therefore,  excessive  mortality  in  some 
groups  might  indicate  a  lower  resistance 
to  stress.  On  the  other  hand,  these  high 
losses  could  conceivably  be  due  to  absorp- 
tion of  yolk  material  containing  high 
residue  levels  of  DDT  and  its  metabolites. 

The  residue  data  for  eggs  and  fry 
showed  that  appreciable  amounts  of 
chlorinated  hydrocarbon  are  passed  along 
by  the  parent  fish.  The  results  were 
highly  variable  (in  one  case,  almost  a 
tenfold  difference  existed  in  residue  of 
eggs  collected  from  two  sublots  receiving 
the  same  treatment),  but  in  general,  higher 
residues  were  found  in  the  eggs  of  fish  re- 
ceiving higher  dosages  of  DDT.  The 
relative  amounts  of  DDT,  DDE,  and 
DDD  did  not  appear  to  differ  from  those 
in    adult   fish    whole-body   residues.     No 
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significant  pattern  could  be  distinguished 
in  residue  levels  of  nonviable  eggs  as 
compared  to  those  of  unfertilized  eggs, 
which  presumably  consisted  of  a  mixture  of 
the  nonviable  and  viable.  Residues  in 
yolk-sac  fry  were  somewhat  higher  than 
those  in  eggs  from  comparable  lots;  since 
no  additional  DDT  was  provided  during 
development,  this  apparent  increase  prob- 
ably resulted  from  variation  in  the  samples 
analyzed.  The  lower  concentrations  pres- 
ent in  later  fry  samples  may  represent  a 
selection  of  a  population  with  low  residues 


or  might  result  from  metabolism  or  excre- 
tion of  the  chlorinated  hydrocarbons. 

By  the  time  the  fry  were  ready  to  accept 
food  the  daily  mortality  was  substantially 
the  same  in  all  lots. 

Survivors  of  all  lots  displayed  equal 
growth  and  vigor  during  an  additional  6 
months  of  observation.  However,  in  the 
case  of  the  high-dosage  lots,  these  survi- 
vors represented  only  a  small  portion  of  the 
reproductive  potential  of  their  parental 
stock  when  compared  with  the  survival  rate 
of  the  control  progeny. 


RESISTANCE  TO  STRESS 


METHODS 


An  attempt  was  made  to  determine 
whether  exposure  to  DDT  reduced  re- 
sistance to  an  experimentally  imposed 
stress.  Unfortunately,  time  was  very 
short  because  of  an  impending  sterilization 
of  the  raceways.  Investigation  showed 
that,  with  the  available  equipment,  con- 
ditions could  be  controlled  best  in  an 
experiment  designed  to  test  the  ability  of 
treated  fish  to  withstand  conditions  of 
hyperosmolar! ty.  The  following  proce- 
dures were  adopted  after  preliminary  tests 
to  determine  concentrations  and  exposure 
periods. 

Test  fish  were  taken  from  lots  randomly, 
but  injured  or  weak  individuals  were  dis- 
carded. Treatment  was  carried  out  on 
approximately  20  fish  at  a  time  (14 
minimum,  21  maximum)  in  100  liters  of 
aerated  water  containing  4  percent  NaCl 


by  weight.  The  temperature  was  main- 
tained at  50°  F.,  and  dissolved  oxygen 
was  kept  at  saturation  level  throughout 
the  treatment  period.  The  fish  were  held 
in  the  saline  solution  for  120  minutes  and 
were  then  released  immediately  into  fresh 
water.  Observation  was  made  of  the 
number  of  dead  or  inactive  fish  at  0,  10, 
and  30  minutes  after  release.  A  final 
count  of  dead  fish  was  made  18  and  24 
hours  later  when  all  survivors  appeared 
to  be  fully  recovered. 

RESULTS 

The  combined  results  of  these  tests  are 
shown  in  table  15.  Fish  from  lots  II  and 
VIII  suffered  a  little  less  mortality  than 
the  control,  but  these  differences  were  not 
significant.  The  reaction  of  lot  XI  was 
almost  identical  to  that  in  the  control. 
However,  the  other  treated  lots  lost  con- 
siderably more  fish. 


Table  15. — Distress  and  mortality  among 

fish  exposed  to  a  /+> 

■percent  solution  of  NaCl  for 

2  hours 

Number 
offish 

Average 
weight 
offish 
(grams) 

Percent  of  fish  dead  or  inactive 
after  release 

Percent 

mortality 

after  24 

hours 

Average 
weight  of 

AtO 
minutes 

At  10 
minutes 

At  30 
minutes 

dead  fish 
(grams) 

Lot  I 

80 
20 
20 
40 
40 
40 
14 
60 
41 
61 

205 
265 
275 
230 
225 
240 
260 
215 
220 
230 

58 
75 
100 
92 
95 
82 
57 
98 
88 
57 

42 
65 
95 
80 
92 
72 
43 
92 
90 
59 

49 
70 
90 
80 
88 
75 
43 
92 
88 
61 

30 
25 
70 
53 
72 
58 
21 
82 
80 
31 

190 

Lot  II 

260 

Lot  III 

280 

Lot  IV 

240 

LotV 1 

220 

Lot  VI 

235 

Lot  VIII 

165 

Lot  IX. 

215 

LotX 

215 

LotXl... 

195 
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DISCUSSION 

The  results  were  inconclusive  and  data 
from  these  tests  have  been  presented 
primarily  for  possible  comparison  with 
other  work.  The  resistance  shown  by 
lots  II  and  VIII  may  reflect  superior 
physical  condition  of  the  few  fish  remain- 


ing in  these  lots.  This  does  not  explain 
a  lower  resistance  in  lot  III  which  had 
previously  displayed  reactions  almost  iden- 
tical to  those  of  lot  II.  A  relation  between 
resistance  to  this  form  of  stress  and  DDT 
treatment  may  be  indicated  by  the  higher- 
than-control  mortality  shown  by  six  of 
the  seven  treated  lots,  excluding  lots  II 
and  VIII. 


PATHOLOGY 


Examination  of  tissues  from  fish  of  all 
lots  was  made  for  evidence  of  pathology. 
Tissue  changes  due  to  parasitism  were 
apparent  throughout  the  experiment,  but 
no  pathology  due  to  exposure  to  DDT  was 
found. 


Hematocrit  measurements  were  rou- 
tinely made  on  fish  from  all  lots;  no 
differences  between  treated  and  untreated 
fish  were  revealed.  The  hemoglobin  decline 
reported  in  mammals  was  not  reflected 
in  hematocrit  measurements  on  these 
trout  exposed  to  DDT. 


SUMMATION  AND  COMMENTS 


The  results  of  this  study  offer  evidence 
of  a  threshold  level  of  effectiveness  of 
DDT  in  chronic  poisoning  of  cutthroat 
trout.  Low  dosages  of  DDT,  both  in 
bath  and  in  food,  did  not  appear  to  affect 
death  rate,  growth,  or  reproductive  suc- 
cess over  an  exposure  period  of  about  20 
months.  The  intermediate  dosages  given 
lots  IV  and  IX  had  variable  effects.  Lot 
IV,  given  0.1  p.p.m.  DDT  monthly  in 
bath  form,  exhibited  significantly  higher 
mortality,  similar  size,  and  similar  repro- 
ductive success  when  compared  with  the 
control  group.  Lot  IX,  treated  once 
weekly  with  DDT  in  the  diet  at  the  rate 
of  0.3  milligrams  per  kilogram  of  body 
[weight,  did  not  differ  from  the  control  ex- 
cept, in  a  highly  variable  manner,  residue 
buildup,  and  a  nonsignificant  increase  in 
mortality  during  the  last  few  months  of 
bhe  experiment.  The  higher  dosages  pro- 
duced a  statistically  highly  significant  in- 
creased rate  of  mortality.  This  was  the 
prime  effect;  the  increase  in  size  was  a 
possible  indirect  effect  based  on  high  mor- 
tality of  small,  diseased,  slow-growing 
Jish.  No  direct  effect  on  reproduction 
Ivas  observed  in  these  lots,  IV  and  IX, 


except  an  increased  mortality  of  sac-fry 
which  could  not  be  quantitated ;  the  repro- 
ductive potential  of  these  fish  was  reduced 
both  by  this  effect  and  by  the  high  rates  of 
mortality  of  the  adult  fish. 

In  part,  at  least,  the  threshold-type 
effect  may  be  due  to  the  limited  ability  of 
the  fish  to  detoxify  DDT.  In  almost 
every  fish  analyzed,  three  component 
chlorinated  hydrocarbons  were  found: 
DDT,  DDE,  and  DDD.  The  percentage 
of  whole-body  residues  present  as  each  of 
these  components  is  presented  in  table  12. 
It  can  be  seen  thatk  DDT  ranged  from 
about  90  percent  in  the  higher  fed  groups 
to  a  low  of  4  percent  in  the  lowest  fed 
group  after  one  treatment.  The  lower- 
dosage-treated  fish,  although  not  different 
from  controls  in  total  residues,  were 
higher  in  the  relative  amounts  of  DDT 
present  and  lower  in  DDE  content.  The 
basic  diet,  presumably  the  source  of  resi- 
dues in  the  control  fish,  contained  a 
chlorinated  hydrocarbon  mixture  of  about 
60  percent  DDE,  20  percent  DDT,  and  20 
percent  DDD.  The  residues  in  control 
fish  were  divided  about  74  percent  DDE, 
16   percent   DDT,   and   9   percent   DDD 
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(average  of  all  controls),  indicating  a 
higher  rate  of  metabolism  and/or  excretion 
of  the  latter  two  components. 

Enzymatic  dehydrochlorination  of  DDT 
to  DDE  has  been  reported  in  insects 
(Perry  and  Hoskins,  1950).  An  enzyme 
capable  of  catalyzing  this  reaction  in 
vitro  has  been  isolated  and  purified  (Lipke 
and  Kearns,  1960).  The  enzyme  does  not 
act  upon  DDE,  but  will  dehydrochlorinate 
DDD  at  approximately  four  times  the 
initial  rate  of  DDT.  The  in  vitro  forma- 
tion of  DDE  from  DDT  has  apparently 
not  been  reported  using  systems  obtained 
from  higher  animals,  but  DDE  has  been 
found  in  human  fat  (Pearce  et  al.,  1952) 
to  the  extent  of  33  to  78  percent  of  the 
total  chlorinated  hydrocarbons.  Matt- 
son  et  al.  (1953)  reported  it  present  in 
human  fat  to  the  extent  of  39  to  86  percent 
and  Hayes  et  al.  (1958)  to  the  extent  of 
33  to  90  percent  of  the  total.  The  latter 
group  also  reported  that  smaller  propor- 
tions of  DDE  were  present  in  samples 
obtained  from  humans  with  the  greatest 
exposure  to  DDT,  a  finding  confirmed  by 
the  present  work. 

Little  has  been  reported  on  the  meta- 
bolic fate  of  DDT  in  higher  animals.  A 
water-soluble  excretory  product,  2,2-bis 
(p-chlorophenyl)  acetic  acid  (DDA),  has 
been  found  in  the  urine  of  DDT-treated 
rabbits  (White  and  Sweeney,  1945),  dogs 
(Ofner  et  al.,  1945),  and  humans  (Neal 
et  al.,  1946).  Burns  et  al.  (1957)  found 
DDA  or  similar  compounds  to  be  the 
major  excretory  metabolite  of  DDT  in 
the  rat.  Excretion  was  primarily  through 
the  bile  and  feces;  urinary  excretion 
assumed  importance  only  when  the  bile 
duct  was  ligated.  The  presence  of  DDD 
in  rat  tissues  as  a  metabolite  of  DDT,  but 
not  of  DDE,  has  been  reported  by  Peterson 
and  Robison  (in  press).  In  our  labora- 
tory, DDD  has  been  found  inconsistently 
in  fish  tissues  after  field  exposure  to 
commercial  preparations  of  DDT.  The 
concentrations  present  in  whole  bodies  of 


trout  in  this  study  probably  do  not 
represent  accumulation  by  metabolic  for- 
mation from  DDT.  There  was  a  down- 
ward trend  in  the  percentage  of  DDD 
present  in  these  fish  as  the  study  pro- 
gressed, suggesting  that  levels  of  DDT  and 
DDE  were  building  up  at  a  faster  rate  than 
DDD.  In  another  experiment  (Bridges, 
Kallman,  and  Andrews,  1963),  in  which 
a  warm-water  pond  was  treated  once 
with  p,p'-DDT,  we  have  found  DDD 
present  in  fish  and  crayfish  in  increasing 
proportion  since  about  1  week  after  the 
treatment.  After  14  months,  DDD  was 
present  to  the  extent  of  73  percent  of 
the  total  chlorinated  hydrocarbons  in 
rainbow  trout.  Its  identity  was  estab- 
lished by  chromatography  in  two  solvent, 
systems,  using  known  DDD  as  reference, 
and  by  passage  through  a  column  of  MgO, 
producing  a  dehydrochlorinated  deriva- 
tive which  was  chromatographically  iden- 
tical to  that  of  known  DDD. 

Analysis  of  tissue  and  organ  pools 
obtained  from  fish  which  died  during  the 
experiment  indicated  a  highly  uneven 
distribution  of  total  chlorinated  hydro- 
carbons and  of  the  three  components. 
Distribution  of  the  components  seems  not 
to  be  a  function  of  the  lipid  content  of 
the  various  organs.  Even  in  those  organs 
with  high  DDD  contents,  sufficient  DDD 
was  present  in  the  basic  diet  to  account  for 
the  total,  assuming  selective  retention  of 
of  this  substance  by  the  organ.  McKin- 
ley  and  Grice  (1960)  found  that  both  DDD 
and  DDT  are  retained  in  tissues  to  a 
greater  extent  than  are  similar  substances. 
However,  Finnegan  et  al.  (1949),  reported 
that  in  dogs  DDD  is  both  metabolized  to 
DDA  and  excreted  in  the  feces  to  a  greater 
extent  than  DDT.  As  mentioned  above, 
there  is  no  evidence  from  our  whole-body 
residue  data  that  DDD  was  selectively 
retained  in  the  control  fish  of  the  study. 

No  clear  pattern  of  relative  distribution 
emerges  from  the  residue  data  of  tissue 
pools.     Brain,    for    example,    was    only 
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slightly  higher  than  ovary  in  lot  II,  but 
contained  more  than  fivefold  the  residue 
of  ovary  in  lot  VIII.  In  the  low-dosage 
pools,  ovary  contained  higher  residues 
than  brain.  Residues  in  muscle  and  liver 
were  similar  to  each  other  in  lots  II  and 
VIII,  but  with  markedly  different  relative 
amounts  of  the  three  component  chlori- 
nated hydrocarbons.  Muscle  in  all  pools 
contained  a  high  proportion  of  DDT, 
while  liver  was  uniformly  low  in  this  com- 
ponent. Total  residues  in  testes  were 
low  in  three  pools,  but  were  the  highest 
in  the  fourth. 

Comparison  of  these  results  with  the 
findings  of  Holden  (1962)  are  of  interest. 
Holden  exposed  brown  trout  to  acutely 
lethal  dosages  of  C14-DDT  in  water.  The 
calculated  tissue  concentrations,  based  on 
radioactivity  and  expressed  as  DDT,  were 
generally  higher  in  liver  and  muscle  than 
in  brain.  The  carbon  tetrachloride-ex- 
tractable  material  expressed  as  a  percent- 
age of  the  organ  weight  was  higher  in 
brain  than  in  liver  and  muscle.  A  direct 
relation  between  the  concentration  of  ma- 
terial extractable  by  this  solvent  and  the 
DDT  concentration  in  the  organ  did  not 
exist  after  16  hours  of  exposure.  After 
160  or  230  hours,  such  a  relation  did  ex- 
ist, except  in  brain.  Brain  was  consist- 
ently high  in  "lipid"  and  low  in  DDT  in 
this  short-term  study.  At  16  hours,  gill 
filaments  were  lowest  in  "lipid"  and  high- 
est in  DDT  content.  At  160  hours  they 
were  also  lowest  in  DDT. 

The  question  of  the  cause  of  death  of 
fish  with  a  given  residue  of  a  chlorinated 
|  hydrocarbon  insecticide  is  often  of  impor- 
I  tance  from  a  management  or  forensic 
j  standpoint.  Whole-body  residues  of  total 
j  chlorinated  hydrocarbons,  however  high, 
are  insufficient  data  in  most  cases,  espe- 
cially when  the  symptoms  exhibited  by 
I  the  fish  either  were  not  observed  or  were 
|  not  typical  of  this  type  of  poisoning. 
|  Often  fish  with  extremely  high  residues 
|  appear    normal;    fish    taken    from    Clear 


Lake,  Calif.,  some  time  after  an  applica- 
tion of  DDD  had  residues  of  over  2,000 
p.p.m.  in  fat,  but  were  in  apparent  good 
health  (Hunt  and  Bischoff,  1960). 

With  the  chlorinated  hydrocarbons 
whose  metabolic  pathways  are  known  in 
at  least  some  detail,  both  the  total  residue 
and  its  distribution  in  terms  of  toxicant 
and  metabolites  should  be  of  value  in 
deciding  upon  the  cause  of  death.  In 
our  work,  fish  treated  with  the  highest 
levels  of  DDT  exhibited  early  marked 
mortality  and  had  smaller  relative 
amounts  of  the  metabolite  DDE  present. 
Although  mortality  was  probably  not 
caused  directly  by  DDT,  but  rather  by 
other  stresses,  it  can  be  related  to  both 
total  residue  and  extent  of  metabolism. 
Heaviest  mortalities  in  these  lots  occurred 
before  the  maximum  relative  amounts  of 
DDT  were  reached.  This  was  perhaps  a 
result  of  a  population  change;  the  fish 
which  succumbed  were  not  routinely 
analyzed  for  total  body  residues,  but  may 
have  had  higher  relative  DDT  concentra- 
tions than  survivors. 

The  high-dosage  lots  of  this  experiment 
may  be  considered  as  representing  a  state 
between  acute  and  chronic  exposure  to 
DDT  since  heavy  mortality  was  observed 
early  in  the  study  and  occurred  at  a  rapid 
rate.  In  the  more  truly  chronic  aspects, 
in  the  low-treatment  groups  (lots  V,  VI, 
X,  and  XI),  there  was  an  increased  relative 
amount  of  DDT  present,  but  neither 
mortality  nor  total  residues  differed  signif- 
icantly from  lot  I.  The  percentage  of 
DDT  present  in  fish  of  lots  IV  and  IX 
gradually  increased  with  increasing  resi- 
dues to  a  level  intermediate  to  the  high- 
and  low-dosage  lots.  Mortality  was  high 
only  in  lot  IV,  and  in  this  lot  the  increased 
mortality  occurred  both  early  in  the  study, 
when  relative  DDT  content  was  higher 
than  that  of  low-dosage  lots,  and  later, 
when  there  was  probably  no  significant 
difference  in  relative  amounts  of  DDT 
and  DDE  between  lots  IV   and  V,  but 
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when  total  residues  were  higher  in  lot  IV. 
In  long-term  exposures  involving  repeated 
dosages  of  DDT,  mortality  probably 
cannot  be  related  to  a  ' 'metabolic  index" 
such  as  [DDE]/[DDT].  This  may  be  due 
in  part  to  a  chronic  effect  of  DDE,  whose 
toxicity  to  fish  has  not  as  yet  been 
determined. 

Residue  levels  in  individual  organs 
may  offer  another  important  criterion 
in  judging  cause  of  death.  The  brain 
appears  particularly  promising  in  this 
respect,  although  further  work  must  be 
done  with  acutely  lethal  doses  of  DDT. 
Brains  of  fish  of  lots>  II  and  VIII  that 
died   had  total  residues   far  higher  than 


whole-body  residues  of  living  fish  sampled 
at  comparable  times.  This  was  not  true 
of  brains  of  fish  which  died  spontane- 
ously in  lots  V-VI  and  X-XI,  in  which 
mortality  differed  little  from  control  levels. 
At  our  present  state  of  knowledge,  the 
best  means  of  assessing  cause  of  death 
in  fish  exposed  to  DDT  appears  to  be  by 
judgment  of  the  combination  of  factors: 
Total  residue,  metabolic  index,  and  resi- 
due in  the  brain.  No  absolute  "lethal 
levels"  are  known  for  any  of  these  fac- 
tors, and  wide  latitudes  must  be  allowed 
in  any  given  situation.  Needless  to  say, 
a  knowledge  of  the  history  of  pesticide 
use  prior  to   any  fish  kill  is  important. 
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This  series  of  reports  was  begun  when  the  Fish  and  Wildlife  Service  was  established 
in  1941;  the  series  superseded  Wildlife  Research  Bulletins  of  the  Bureau  of  Biological 
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of  Sport  Fisheries  and  Wildlife  (U.S.  Fish  and  Wildlife  Service),  comprising  reports  of 
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reports  without  charge  to  official  agencies,  to  libraries,  and  to  researchers  in  fields  related 
to  the  Bureau's  work;  additional  copies  may  usually  be  purchased  from  the  Division  of 
Public  Documents,  U.S.  Government  Printing  Office. 

Current  Research  Reports  are — 

54.  Fluctuations  in  Age  Composition  and  Growth  Rate  of  Cutthroat  Trout  in  Yellow- 

stone Lake,  by  Ross  B.  Bulkley.     1961.     31  pp. 

55.  Mortality  Studies  on  Cutthroat  Trout  in  Yellowstone  Lake,  by  Orville  P.  Ball  and 

Oliver  B.  Cope.     1961.     62  pp. 

56.  Limnology  of  Yellowstone  Lake  in  Relation  to  the  Cutthroat  Trout,  by  Norman  G- 

Benson.     1961.     33  pp. 

57.  Chemical  Composition  of  Blood  of  Smallmouth  Bass,  by  Eddie  Wayne  Shell.     1961. 

36  pp. 

58.  Chronic  Effects  of  Endrin  on  Bluntnose  Minnows  and  Guppies,  by  Donald  Irvin 

Mount.     1962.     38  pp. 

59.  Predicting  Year-Class  Abundance  of  Yellowstone  Lake  Cutthroat  Trout,  by  Ross  V. 

Bulkley  and  Norman  G.  Benson.     1962.     21  pp. 

60.  Limnological  Organic  Analyses  by  Quantitative  Dichromate  Oxidation,  by  John  A. 

Maciolek.     1962.     61  pp. 

61.  Bioassay  and  Use  of  Pituitary  Materials  to  Spawn  Warm- Water  Fishes,  by  Howard 

P.  Clemens  and  Kermit  E.  Sneed.     1962.     30  pp. 

62.  Equilibrium  Yield  and  Management  of  Cutthroat  Trout  in  Yellowstone  Lake,  by 

Norman  G.  Benson  and  Ross  V.  Bulkley.     1963.     44  pp. 

63.  Sea- Water  Systems  for  Experimental  Aquariums ;  A  Collection  of  Papers,  edited  by 

John  R.  Clark  and  Roberta  Clark.     1963.     190  pp. 

64.  Some  Chronic  Effects  of  DDT  on  Cutthroat  Trout,  by  Don  Allison,  Burton  J.  Kallman, 

Oliver  B.  Cope,  and  Charles  Van  Valin.     1963.     30  pp. 

65.  Revised  Bibliography  on  the  Cutthroat  Trout,  by  Oliver  B.  Cope.     1964.     43  p. 
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ABSTRACT 

This  paper  is  a  compilation  of  221  abstracts  of  publications  on  the  biology,  culture, 
distribution,  and  management  of  the  cutthroat  trout,  Salmo  clarki  Richardson.  The 
1958  publication,  "Annotated  Bibliography  on  the  Cutthroat  Trout,''  contained  135  ab- 
stracts, which  have  been  incorporated  with  recent  ones  to  form  the  present,  report. 

IV 


REVISED  BIBLIOGRAPHY 

ON  THE  CUTTHROAT  TROUT 

By  Oliver  B.  Cope,  Fishery  Research  Biologist 

Fish-Pesticide  Research  Laboratory,  Denver,  Colorado 
Bureau  of  Sport  Fisheries  and  Wildlife 


"Annotated  Bibliography  on  the  Cut- 
throat Trout"  (Cope,  1958)  brought  to- 
gether a  compilation  of  135  abstracts  cover- 
ing publications  on  the  biology,  culture, 
management,  and  distribution  of  Salmo 
clarki  Richardson.  Since  1958,  several 
more  articles  dealing  with  the  cutthroat 
have  appeared  in  the  biological  literature. 
The  present  collection  combines  the  ab- 
stracts published  in  the  1958  paper  with 
those  that  have  appeared  through  the  mid- 
dle of  1963. 

The  growing  importance  of  Salmo  clarki 
as  an  animal  for  experiment  is  evident  from 
the  recent  references.  Many  studies  on 
disease,  nutrition,  and  pesticide  toxicity 
are  based  on  effects  on  the  cutthroat,  partly 
because  of  the  availability  of  this  species  in 
areas  in  which  these  kinds  of  research  are 
done,  and  partly  because  of  improved  cul- 
tural practices  which  reflect  an  improved 
understanding  of  the  biology  of  the  cut- 
throat. 

Advanced  investigations  in  the  popula- 
tion dynamics  of  cutthroat,  especially  at 
Yellowstone  Lake,  are  the  subject  of  sev- 
eral recent  publications.  This  new  knowl- 
edge places  fishery  science  in  a  favorable 
position  with  regard  to  understanding  the 
bionomics  of  Salmo  clarki. 

ANNOTATED  BIBLIOGRAPHY 

Adami,  J.  G. 

1908.    On  a  giant-celled  rhabdomyosarcoma  from 

the    trout.     Montreal    Medical    Journal, 

37(3)  :  163-165. 


A  tumor  is  described  from  a  position  between 
the  dorsal  and  adipose  fins,  off  the  middorsal 
line,  on  a  cutthroat  trout.  The  tumor  is  a 
giant-celled  one,  originating  in  voluntary 
muscle. 
Baohman,  Roger  Werner. 

1958.     The  ecology  of  four  North  Idaho  trout 
streams  with  reference  to  the  influence 
of  forest  road  construction.     Master  of 
science  thesis,  University  of  Idaho.    97  pp. 
In  this  study  of  the  effects  of  logging  on 
streams  in  Idaho,  data  were  collected  after 
logging  for  comparisons  of  prelogging  informa- 
tion collected  by  Oien.    Fish  species  remained 
as  before  the  logging,  with  coastal  cutthroat  as 
the  dominant  form.     Coefficients  of  condition 
were  not  lower  than  before  logging.    Length- 
weight   relations  for  populations   from   four 
streams  were  very  similar.    Food  habits  were 
summarized.     In  general,  logging  did  not  ap- 
pear to  affect  cutthroat  populations. 
Ball,  Orville  P. 

1955.     Some    aspects    of    homing    in    cutthroat 
trout.    Proceedings  of  the  Utah  Academy 
of  Science,  Arts,  and  Letters,  32  :75-80. 
Very  little  previous  work  has  been  done  to 
measure  the  homing  instinct  in  adfluvial  fish. 
The  U.S.  Fish  and  Wildlife  Service  studied 
homing  in  the  cutthroat  in  Yellowstone  Lake 
from   1949   to   1955.     Immatures   in   streams 
were  fin  clipped,  and  spawners  in  streams  were 
tagged    with    Petersen   disks.     Results  from 
immatures   were  not  conclusive,   but  only  6 
out  of  280  repeat  spawners  returned  to  streams 
other  than  those  in  which  they  were  originally 
tagged. 
Ball,  Orville  P.,  and  Oliver  B.  Cope. 
1961.     Mortality  studies  on  cutthroat  trout  in 
Yellowstone  Lake.     U.S.  Fish  and  Wild- 
life Service,   Bureau  of  Sport   Fisheries 
and  Wildlife,  Research  Report  55.    62  pp. 
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In  a  study  of  the  Yellowstone  cutthroat 
trout,  Salmo  clarki  lewisi,  by  the  U.S.  Fish 
and  Wildlife  Service,  effects  of  environment 
on  mortality  of  eggs,  immature  fish,  spawners, 
and  postspawners  were  measured  for  various 
components  of  the  population  in  Yellowstone 
Lake  (Wyoming).  Five  methods  of  estimat- 
ing mortality  of  adults  on  spawning  runs  are 
described,  with  counting  and  tagging  as  the 
principal  procedures.  Of  the  total  number  of 
eggs  deposited  in  the  gravel,  60  to  75  percent 
died  before  hatching,  and  99.6  percent  had 
died  by  the  time  the  fingerlings  entered  Yel- 
lowstone Lake.  Among  adults  on  spawning 
runs,  mortality  was  48.1  percent.  Sex  ratios 
on  spawning  runs  were  uneven,  averaging  1.47 
females  to  1  male.  Very  few  trout  spawned 
a  second  time  ;  of  those  that  did,  more  spawned 
after  a  2-year  interval  than  after  1  year. 

In  the  Arnica  Creek  runs,  48.6  percent  died 
in  the  stream,  40.2  percent  died  later  in  the 
lake  of  natural  causes,  7.6  percent  were  taken 
by  fishermen,  and  3.6  percent  were  alive  2 
years  later.  The  white  pelican  is  a  serious 
predator  on  cutthroat  trout  in  Yellowstone 
Lake.  From  1949  to  1953,  fishermen  caught 
11.6  percent  of  the  catchable  trout  available 
to  them.  Migrations  of  adult  fish  in  Yellow- 
stone Lake  were  traced  through  tagging. 
Bangham,  Ralph  V. 

1951.     Parasites  of  fish  in  the  Upper  Snake  River 
drainage  and  in  Yellowstone  Lake,  Wyo. 
Zoologica,  36,  Part  3(16)  :  213-217. 
Parasites  of  291  Yellowstone  cutthroat  are 
listed ;  278  of  the  fish  examined  were  infested. 
Sixteen  species  of  parasites  are  named,  and 
the     incidences     of     several     are     noted     in 
discussions. 
Bangham,  Ralph  V.,  and  James  R.  Adams. 
1954.     A  survey  of  the  parasites  of  freshwater 
fishes  from  the  mainland  of  British  Co- 
lumbia.    Journal    of    the    Fisheries    Re- 
search Board  of  Canada,  11(6)  :  673-708. 
In  this  study  of  parasites  of  British  Colum- 
bia fishes,  178  out  of  179  cutthroat  from  11 
locations  were  infested.     Eighteen  species  of 
parasites  were  found,  with  trematodes,  nema- 
todes, cestodes,  and  acanthocephalans  having 
the  highest  incidence. 
Barrett,  I. 

1951.     Fertility   of   salmonoid   eggs   and   sperm 

after  storage.     Journal  of  the  Fisheries 

Research  Board  of  Canada,  8(3)125-133. 

Effects  of  storage  on  fertility  of  salmonoid 

eggs   have   been   studied.     Mature   eggs    and 

sperm  were  stripped  into  dry  sterile  jars  and 

stored  for  varying  periods  at  low  temperatures 


before  testing  their  fertility  with  fresh  geni 
tal  products.  Eggs  of  the  chum  salmon,  On 
corhynchus  keta,  were  stored  at  temperatures 
of  2.5°  to  5.8°  C.  for  108  hours  with  an  average 
infertility  of  less  than  20  percent.  The  sperm 
of  this  species  shows  a  wide  variation  in  its 
reaction  to  storage,  but  may  be  retained  for 
36  hours  in  sterile  jars  with  an  average  of  less 
than  10  percent  infertility.  Cutthroat  eggs 
stored  36  hours  were  18  percent  infertile 
Kamloops  and  cutthroat  confirmed  the  appli 
cability  of  the  technique  of  transporting  eggs 
and  sperm  stored  together  in  the  absence  of 
water. 
Beal,  Fred  R. 

1959.     For    the    cutthroat,    a    brighter    outlook 
Wyoming  Wildlife,  23(8)  :  7-9. 
Differences  between  Yellowstone  and  Snake 
River   cutthroat   are   discussed.     The   use  of 
cutthroat  eggs  of  these   stocks  is  described 
and  the  results  of  planting  Snake  River  cut- 
throat explained.     Recent  management  trends 
in  Wyoming  and  Idaho  are  discussed. 
Bean,  Tarleton  H. 
1894a.     Life  history  of  the  salmon.     Bulletin  of 
of  the  U.S.  Fish  Commission,  12:21-38 
The    red-throated   trout,    Salmo   mykiss,   is 
called  Clark's  trout  and  Rocky  Mountain  trout 
Discussion  of  distribution,  food-habitat  prefer 
ences.  and  habits  is  given. 
1894b.     Bibliography     of     the     Salmonidae     of 
Alaska  and  adjacent  regions.     Bulletin 
of  the  U.S.  Fish  Commission,  12 :  39-49, 
Lists  several  very  early  papers  pertaining 
to  cutthroat  trout. 
Benson,  Norman  G. 

1958.     Hermaphroditism  in  the  cutthroat  trout. 
Copeia,  (3)  :  239-240. 
A  second  record  of  hermaphroditism  in  the 
Yellowstone    cutthroat    was    found    in    1957. 
The  arrangement  of  gonads  was  different  from 
that  in  the  first  record.     Here,   a  ripe  testis 
was  found  posterior  to  the  left  ovary. 
1960.     Factors  influencing  production  of  imma-'  ' 
ture    cutthroat    trout    in    Arnica    Creek, 
Yellowstone  Park.     Transactions  of  the 
American  Fisheries  Society,  89(2)  :  168- 
175. 
Data  are  presented  on  the  variations  in  pro- 
duction of  immature  cutthroat  trout  from  Ar- 
nica Creek,  a  tributary  of  Yellowstone  Lake, 
from  1951  to  1958.     Of  36,786  immature  trout  | 
counted,  87.3  percent  were  age  group  0.     The 
highest  production  occurred  during  years  when 
large  numbers  of  age  group  0  trout  migrated 
downstream  to  Yellowstone  Lake  from  mid- 
July  to  mid- August,  or  soon  after  they  emerged 
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from  the  gravel.  Ecological  conditions  asso- 
ciated with  a  large  July-August  migration 
were  receding  water  levels  and  much  light. 
High  productions  of  age  groups  I  and  II  trout, 
which  are  predaceous  on  fry,  did  not  appear 
to  have  as  much  influence  on  the  production 
of  good  year  classes  as  did  the  downstream 
migration  pattern.  No  relation  was  evident 
between  year-class  variation  of  immatures  and 
reappearance  of  these  same  year  classes  in 
the  spawning  runs.  The  number  of  spawners 
or  the  time  of  the  spawning  run  did  not  bear 
any  consistent  relation  to  the  production  of 
immatures. 
1961.  Limnology  of  Yellowstone  Lake  in  rela- 
tion to  the  cutthroat  trout.  U.S.  Fish  and 
Wildlife  Service,  Bureau  of  Sport  Fish- 
eries and  Wildlife,  Research  Report  56. 
33  p. 
Limnological  data  collected  from  1954  to 
1959  on  surface  currents,  temperatures,  bottom 
soils,  water  chemistry,  plankton,  bottom  fauna, 
and  higher  aquatic  plants  are  related  to  the 
biology  of  the  cutthroat  trout,  Salnw  clarki 
lewisi,  in  Yellowstone  Lake  (Wyoming).  The 
lake,  formed  on  Eocene  lava,  is  oligotrophic 
and  low  in  dissolved  solids.  Diaptomus  Sho- 
shone, Daphnia  shoedleri,  and  Conochilus  uni- 
cornis made  up  more  than  90  percent  of  the 
macroscopic  zooplankton  by  number.  Upwel- 
ling  in  West  Thumb  was  demonstrated  by 
temperature  stratification  and  conductivities. 
Plankton  distribution  and  abundance  are  re- 
lated to  currents  and  water  chemistry.  Depth 
distribution,  feeding,  and  movements  of  trout 
are  related  to  food  abundance.  Trout  less  than 
315  millimeters  in  total  length  are  not  caught 
readily  because  of  their  feeding  habits  and 
greater  dispersal.  There  is  evidence  that  the 
heavy  trout  harvest  in  the  northern  part  of  the 
lake  allowed  Ganwnarus  lacustris,  an  important 
trout  food,  to  become  locally  abundant. 
Benson,  Seth  B.,  and  Robert  J.  Behnke. 
.961.  Salmo  evermanni  a  synonym  of  Salmo 
clarkii  henshawi.  California  Fish  and 
Game,  47(3)  :  257-259. 
Specimens  of  clarkii  henshawi  from  Lake 
Tahoe,  Calif.,  were  compared  with  type  ma- 
terial of  evermanni.  It  is  concluded  that  the 
two  are  synonymous. 
Siesinger,  Kenneth  E. 

961.  Studies  on  the  relationship  of  the  redside 
shiner  (Richardsonius  oalteatus)  and  the 
longnose  sucker  (Catostomus  catostomus) 
to  the  cutthroat  trout  (Salmo  clarki) 
population  in  Yellowstone  Lake.     Master 


of  science  thesis,  Utah  State  University. 
92  pp. 
The  biology  of  longnose  suckers  and  redside 
shiners  in  Yellowstone  Lake  and  tributaries 
was  studied  in  relation  to  that  of  the  cutthroat. 
Interactions  among  species  occur  in  lagoons 
and  other  protected  areas.  Suckers  and 
shiners  were  not  found  to  damage  trout  redds 
or  compete  with  trout  for  spawning  space. 
There  was  an  overlap  of  food  habits  of  juve- 
niles and  adults  of  all  species,  suggesting  com- 
petition in  certain  areas.  This  competition 
does  not  appear  to  be  great,  except  in  younger 
fish.  Control  of  suckers  and  shiners  is  sug- 
gested for  management,  and  items  for  further 
study  are  pointed  out. 
Bilton,  T.  H. 

1952.     The  creel  census   of  cutthroat  trout   at 
Lakelse  Lake,  1952.     Fisheries  Research 
Board  of  Canada,  Progress  Reports  of  the 
Pacific  Coast  Stations,  No.  92,  October: 
18-20. 
Three  years  of  creel-census  data  were  accu- 
mulated for  cutthroat  in  the  lake  and  river 
fishery  in  the  Lakelse  drainage.     Lake  fishing 
was  best  in  July,  during  mayfly  hatches.     The 
river  fishery  had  moved  to  the  lake  by  this 
time.     In  August  and  September  most  of  the 
fishing  was  in  the  lake. 

The  fishery  was  probably  exploiting  less  than 
10  percent  of  the  catchable  stock  annually.    A 
heavier  fishery  would  obtain  a  higher  yield, 
probably  over  a  long  period  of  years. 
Bilton,  T.  H.,  and  M.  P.  Shepard. 
1955.     The  sports  fishery  for  cutthroat  trout  at 
Lakelse  Lake,  British  Columbia.  Fisheries 
Research  Board  of  Canada,  Progress  Re- 
ports of  the  Pacific  Coast  Stations,  No. 
104,  November :  38-42. 
Since  1950  the  Fisheries  Research  Board  of 
Canada    has    kept    records    on    cutthroat    in 
Lakelse  Lake  and  Lakelse  River.     Notes  on 
feeding  and  spawning  are  given.     The  sport 
fishery  is  described.    About  2,000  cutthroat  are 
taken  annually  by  this  fishery.     Age  III  and 
IV  trout  have  predominated  in  the  catch  each 
year. 

Figures  on  the  catch  per  unit  of  effort  indi- 
cate that  no  severe  depletion  has  occurred  in 
the  lake  population,  but  catches  on  the  river 
have  declined  since  1950. 

Anglers  have  removed  an  average  of  7  per- 
cent of  the  lake  population  annually,  and  18  to 
31  percent  of  the  river  population. 
Bjornn,  Ted  C. 

1957.     A    survey    of    the    fishery    resources    of 
Priest  and  Upper  Priest  Lakes  and  their 
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tributaries,  Idaho.  Idaho  Fish  and  Game 
Department,  Completion  Report.  176  pp. 
In  1955  a  survey  of  the  fishery  resources  of 
Priest  and  Upper  Priest  Lakes  and  their  trib- 
utaries was  initiated  to  determine  the  factors 
causing  the  decline  in  the  number  of  cutthroat 
in  the  lake. 

Streams  running  into  the  lakes  provided  ade- 
quate spawning  sites  for  both  cutthroat  and 
Dolly  Varden  trout.  In  streams  where  brook 
trout  have  become  abundant,  competition  for 
food  and  space  between  brook  trout  and  cut- 
throat is  very  intense.  Competition  is  less  in 
the  lakes. 

Of  the  93,300  fish  caught  in  1955  from  these 
lakes,  10  percent  were  cutthroat,  and  of  the 
estimated  total  catch  of  111,400  in  1956,  5  per- 
cent were  cutthroat.  The  average  rate  of 
catch  for  cutthroat  in  the  upper  lake  was  1.02 
fish  per  boat  per  hour,  compared  with  0.70 
in  Priest  Lake.  The  average-size  cutthroat 
caught  in  1956  was  between  11.1  and  11.2 
inches.  The  body-scale  relation  appeared  to  be 
approximately  linear. 

Juvenile  cutthroat  spawned  from  fish  mi- 
grating from  the  lakes  were  found  to  spend  an 
extended  period  of  time  in  the  streams  before 
migrating  to  the  lakes.  Of  the  fish  collected 
from  Priest  Lake  in  1956,  38  percent  spent  2 
years  in  the  streams  before  migrating,  57  per- 
cent 3  years,  and  5  percent  4  years.  For  the 
upper  lake,  6  percent  migrated  after  their  first 
year,  35  percent  after  their  second,  and  58 
percent  after  their  third.  The  spawning  sea- 
son begins  in  April  and  generally  ends  July  1. 
Cutthroat  in  the  Priest  Lakes  mature  pre- 
dominantly during  their  fifth  year  of  life. 
Only  a  very  small  number  of  fish  ever  spawn 
a  second  time. 

Diet  of  the  cutthroat  consists  mainly  of  in- 
sects and  some  plankton. 

An  average  of  nearly  500,000  cutthroat  a 

year,  mostly  fry,  have  been  planted  in  the  Priest 

Lake  drainage  for  at  least  10  years,  but  less 

than  1  percent  have  returned  to  the  creel. 

1958.     The  Priest  Lakes  fishery.    Idaho  Wildlife 

Review,  11(1)  :  3-6. 

The  Priest  Lakes  are  described  with  their 
fish  fauna.  The  cutthroat  fishery  has  declined. 
The  life  history  of  the  cutthroat  here  is  re- 
viewed. Most  spawners  are  5  years  old.  The 
decline  of  the  cutthroat  is  attributed  to  over- 
fishing and  competition  of  immatures  with 
other  species  in  streams.  Fishing  times  and 
places  are  described. 
1961.  Harvest,  age  structure,  and  growth  of 
game  fish  populations  from   Priest  and 


Upper  Priest  Lakes.    Transactions  of  tht 

American  Fisheries  Society,  90(1)  :  27-31 

Priest  and  Upper  Priest  Lakes  in  northerr 

Idaho    produced    a    catch    of    approximately 

100,000  fish  in  1956.    The  catch  was  composec 

of  kokanee   (93  percent),  cutthroat  trout  (£ 

percent),  and  Dolly  Varden  and  lake  trout  (J 

percent).     Three  out  of  four  fishermen  wen 

nonresidents,  and  a  third  of  the  hours  fishec 

were  expended  by  anglers  from  more  than  60d 

private  cabins.    The  average  rate  of  catch  foi 

kokanee  was  2.5  fish  per  boat  per  hour  on  Priest 

Lake  and  0.9  on  Upper  Priest  Lake;  for  cut! 

throat  trout  it  was  1.0  fish  per  boat  per  hour  oi; 

the  upper  lake  and  0.7  on  Priest  Lake.    Juve 

nile  cutthroat  trout  were  found  to  spend  2  to 

3  years  in  tributary  streams  before  enterini 

the  lakes.     The  catch  and  spawning  escape 

ments  of  kokanee  from  Priest  Lake  during  195E 

and  1956  were  composed  chiefly  of  fish  in  thei: 

fifth  year  of  life. 

Black,  Edgar  C,  and  Isadore  Barrett. 

1957.     Increase  in  levels  of  lactic  acid  in  tiu 

blood  of  cutthroat   and  steelhead   troul 

following  handling  and  live  transport* 

tion.     Canadian  Fish  Culturist,  Issue  20; 

pp.  13-23. 

Alterations  in  the  blood  levels  of  lactic  acic 
were  investigated  in  hatchery-raised  coasta 
cutthroat  and  steelhead  trout  in  the  following! 
conditions:  (a)  After  transferring  from  out 
side  ponds  to  troughs  inside  the  hatchery  6( 
yards  (54.9  meters)  away;  (b)  sham  trans 
portation  run  for  2  hours  in  tank  truck ;  (c) 
holding  cutthroat  for  40  hours,  steelhead  foi 
16  hours,  in  hatchery  troughs  before  transpor 
tation  of  2  hours  50  minutes. 

The  following  results  were  noted:  (1)  Sig 
nificant  increases  in  blood  lactic  acid  in  bottj!r 
species  as  a  result  of  minimal  handling,  i.e.,  ir 
transporting  the  fish  from  outside  ponds  tc 
inside  hatchery  troughs;  (2)  very  significanl 
increase  in  blood  levels  of  lactic  acid  following 
sham  transportation  run  for  2  hours  in  a  tan!, 
truck,  and  levels  were  higher  in  both  species 
than  those  observed  for  lake  trout  and  Kam 
loops  trotit  in  1955;  (3)  storage  of  cutthroat 
for  40  hours  resulted  in  significant  lowering 
of  blood  level  of  lactic  acid  (range  0.8-17.5  mg 
percent)  following  transportation  run  of  S 
hours  50  minutes.  Storage  of  steelhead  troul 
for  16  hours  before  the  same  transportatior 
run  of  2  hours  50  minutes  resulted  also  in  s 
lower  blood  level  of  lactic  acid  (range  9.5- 
88  mg.  percent). 
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Bonham,  Kelshaw,  and  R.  Walter  Williams. 
1948.     Effect  of  population  pressure  upon  rate  of 
growth  and  food  conversion  of  flngerling 
cutthroat    trout.     Progressive    Fish-Cul- 
turist,  10(1)  :  15-18. 
Fingerling    cutthroat    trout     in     80-gallon 
aquariums  were  fed  equal  amounts  of  food  per 
fish ;  2  tanks  had  28  fish  each,  2  had  280  fish 
each.     Lengths  and  weights  were  determined 
on  four  occasions.    Crowded  fish  did  not  differ 
significantly  from  uncrowded  ones  in  growth 
rate  or  food-conversion  rate. 
Brown,  C.  J.  D.,  and  Charles  Buck,  Jr. 
1939.     When  do  trout  and  grayling  fry  begin  to 
take  food?    Journal  of  Wildlife  Manage- 
ment, 3(2)  :  134-140. 
Experiments  on  time  of  initial  feeding  were 
done  for  grayling  and  several  trouts,  including 
cutthroat.     Some  cutthroat  fry  were  feeding 
14  days  after  hatching,  and  all  were  feeding  23 
days   after   hatching.     Little   uniformity   be- 
tween species  was  shown ;  rainbow  began  first, 
brook  trout  last.     Size  or  presence  of  yolk  sac 
showed   no   correlation    with   initial    feeding 
time. 
Brown,  C.  J.  D.,  and  Jack  E.  Bailey. 
1952.     Time  and  pattern  of  scale  formation  in 
Yellowstone  cutthroat  trout,  Salmo  clarkii 
lewiti.      Transactions    of   the    American 
Microscopical  Society,  71(2)  :  120-124. 
Scales  from  adult  and  immature  Lake  Yel- 
lowstone cutthroat  were  studied,   and   three 
kinds  of  scale  development  noted:   (1)    Fish 
completely  scaled  before  their  first  winter  and 
with  annuli  on  all  scales;    (2)   fish  partially 
scaled    before   the   first   winter,    some   scales 
without   annuli;    (3)    fish   without  scales   in 
their  first  winter,  and  with  no  annuli  at  the 
end  of  the  first  growing  season. 

BULKLEY,  ROSS  V. 

I960.     Report   on   1958   fishing   studies   by   the 
Bureau  of  Sport  Fisheries  and  Wildlife 
on     Rocky     Mountain     National     Park. 
Rocky  Mountain  Sport  Fisheries  investi- 
gations,   administrative    report    (mimeo- 
graphed).    38  pp. 
In  a  ereel  census  and  shocking  program  in 
waters   of   Rocky   Mountain   National   Park, 
cateh    and    population    data    were    collected. 
Cutthroat  trout  were  important  in  the  catch. 
Growth  data  were  calculated  from  scale  read- 
ings,  and  cutthroat  growth  was  found  to  be 
■lower  than  other  trout  growth  in  the  same 
waters.     Surveys  of  high  mountain  lakes  and 
streams  revealed  the  distribution  of  cutthroat 
in  the  park,  and  gave  clues  to  the  fates  of  some 
Lsh.     Stomach  contents  of  cutthroat 


from  some  lakes  and  streams  were  tabulated 
and  are  presented  in  tables. 

Tna  green-back  trout,  Salmo  clarki  sttmias, 
was  studied  in  the  Upper  Big  Thompson  River. 
Information  on  length,  growth,  age,  migration, 
food  habits,  reproduction,  and  sex  ratios  was 
obtained  from  fish  captured  in  an  upatream- 
downstream  trap.  Preliminary  work  was 
done  to  create  a  sanctuary  for  this  rare  cut- 
throat. 

1961.  Fluctuations  in  age  composition  and 
growth  rate  of  cutthroat  trout  in  Yellow- 
stone Lake.  U.S.  Fish  and  Wildlife 
Service,  Bureau  of  Sport  Fisheries  and 
Wildlife,  Research  Report  54.    31  pp. 

Age  composition,  growth  rate,  and  year-class 
strength  of  Yellowstone  Lake  cutthroat  trout 
from  collections  made  in  1948  and  from  1950  to 
1959  are  analyzed  to  relate  total  eatch  to 
changes  in  age  composition  and  growth  rate. 
Catch  increased  from  200,015  cutthroat  in  1950 
to  393,467  in  1959.  An  increase  in  growth  rate 
of  fish  fully  recruited  to  the  fishery  and  a  de- 
crease in  percentages  of  fish  belonging  to  age 
groups  VI  and  VII  are  attributed  to  an  in- 
crease in  fishing  pressure.  Mean  age  of  the 
catch  varied  with  year-class  strength,  but  was 
essentially  unaffected  by  changes  in  size  of 
the  catch.  Mean  length  of  the  catch  has  re- 
mained high,  suggesting  that  production  is 
more  efficient  now  than  in  past  years.  Maxi- 
mum equilibrium  yield  may  be  near. 

If  the  catch  continues  to  increase  at  the  pres- 
ent rate,  it  may  become  excessive  within  the 
next  few  years. 
1963.     Natural  variation  in  spotting,  hyoid  teeth 
counts,    and    coloration    of    Yellowstone 
cutthroat  trout.    U.S.  Fish  and  Wildlife 
Service,  Special  Scientific  Report— Fish- 
eries No.  460.     11  pp. 

Differences  in  hyoid  teeth  and  spotting 
counts  among  samples  from  four  related  popu- 
lations of  Yellowstone  cutthroat  trout,  Salmo 
clarki  lewiti  Girard,  reached  species  and  sub- 
species levels  as  defined  by  some  workers. 
Body  coloration  varied  significantly  among 
fish  in  six  spawning  runs  of  Yellowstone  Lake, 
Wyo.  The  use  of  coloration,  spotting,  and 
hyoid  teeth  counts  in  cutthroat  trout  for  taxo- 
nomie  purposes  needs  reevaluation. 
Bulkley,  Ross  V.,  and  Norman  G.  Benson. 

1962.  Predicting  year-class  abundance  of  Yel- 
lowstone Lake  cutthroat  trout.  U.S.  Fish 
and  Wildlife  Service,  Bureau  of  Sport 
Fisheries  and  Wildlife,  Research 
59.     25  pp. 
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Fluctuations  in  strength  of  year  classes  from 
1946  to  1956  of  Yellowstone  Lake  cutthroat 
from  Pelican  and  Chipmunk  Creeks  are  com- 
pared with  the  parental  stock  and  several 
climatically  influenced  factors  of  the  environ- 
ment. Variations  in  year-class  strength  in  the 
two  tributaries  were  highly  correlated  with 
fluctuations  in  lake  water  levels.  Strong  year- 
classes  occurred  in  years  of  low  water.  Fe- 
male spawner  escapement,  timing  of  the  runs, 
and  summer  air  temperatures  were  not  sig- 
nificant factors. 

A  formula  based  on  water  levels  is  presented 
for  predicting  year-class  strength  in  Pelican 
Creek  and  in  the  Fishing  Bridge  area  fishery. 

Stocking  of  fry  in  years  of  high  water  is 
suggested  as  a  means  of  supplemental  natural 
production.  A  method  of  forecasting  lake 
water  levels  several  months  in  advance  of  their 
occurrence  is  discussed. 
Calhoun,  A.  J. 

1944a.  Black-spotted  trout  in  Blue  Lake,  Cali- 
fornia. California  Fish  and  Game, 
30(1)  :  22-42. 

Upper  Blue  Lake  is  an  oligotrophic  lake  at 
8,130-foot  elevation  in  the  California  Sierra 
Nevada.  The  lake  has  black-spotted  trout 
which  spawn  in  five  tributary  streams. 
Spawning  time,  size  of  spawners,  and  age  of 
spawners  are  discussed. 

In  1941  a  significant  number  of  the  trout 
which  matured  sexually  failed  to  ascend  a 
stream  to  spawn. 

Marked  trout  showed  that  growth  did  not 
take  place  after  spawning,  and  few  spawned 
a  second  time. 

Heavy  annual  plants  of  small  fingerlings, 
coupled  with  closure  to  fishing,  over  a  6-year 
period,  did  not  increase  the  number  of  fish  in 
the  spawning  runs.  It  seemed  to  lead  to  an 
overpopulation  of  fish  and  a  depletion  of  food. 

It    appears    undesirable    to    return    spent 

spawners  to  a  lake  like  Blue  Lake. 

1944b.     The    food    of    the    black-spotted    trout 

(Salmo  clarkii  henshawi)  in  two  Sierra 

Nevada     lakes.     California     Fish     and 

Game,  30(2)  :  80-85. 

The  black-spotted  trout  in  Upper  Blue  Lake, 
a  deep  granite  basin  at  8,130-foot  elevation, 
subsisted  largely  on  chironomid  larvae  and 
pupae.  They  failed  to  utilize  the  rather 
abundant  population  of  the  minnow,  Rhinich- 
thys  oscula,  which  competes  with  young  trout 
for  food. 

The  trout  of  Heenan  Lake,  a  former  grazing 
meadow  at  7,000  feet  transformed  by  a  dam 
into  a  25-foot-deep  reservior,  subsisted  largely 


on  plankton  Crustacea  (daphnia  and  copepods). 
The  extremely  abundant  bottom  fauna  of  the 
littoral  zone  provided  only  17  percent  of  their 
food  (scuds  of  the  Gammarus  type)  ;  immature 
chironomids,  plentiful  in  bottom  samples,  pro- 
vided less  than  9  percent. 

Heenan   Lake   trout   were   in   much   better 
condition  than  those  of  Blue  Lake,  reflecting 
the  relative  richness  of  the  two  lakes. 
California  Department  of  Fish  and  Game. 
1956.     Cutthroat  nursery.     Outdoor  California, 
17(6)  :  6-7, 11. 
Heenan  Lake,  on  the  east  slope  of  the  Sierra 
Nevada  in  California,  was  built  in  the  late 
twenties  and  stocked  with  cutthroat   (Salmo 
clarkii  henshawi)   from  Alpine  County.     The 
fish  grew  well  and  egg  taking  was  initiated. 
California  and  Nevada  have  taken  19  million 
cutthroat  eggs  froh  Heenan  Lake  for  stocking 
elsewhere.      California    is   attempting   to    re- 
establish the  cutthroat  in  its  former  waters 
on  the  east  slope. 
Carlander,  Kenneth  D. 

1950.     Handbook  of  freshwater  fishery  biology. 
Wm.  C.  Brown  Co.,  Dubuque,  Iowa.    281 
pp. 
Contains  life  history  and  biological  meas- 
urements  reported    in   many   papers    on    cut- 
throat. 
1953.     Handbook  of  freshwater  fishery  biology 
with  the  first  supplement.    Wm.  C.  Brown 
Co.,  Dubuque,  Iowa.    429  pp. 
Contains  life  history  and  biological  meas- 
urements  reported   in   many   papers   on   cut- 
throat. 
Chapman,  Wilbert  McL.,  and  Elmer  Quistorff. 
1938.     The  food  of  certain  fishes  of  North  Central 
Columbia  River  drainage,  in  particular, 
young  chinook  salmon  and  steelhead  trout. 
Washington     Department    of    Fisheries, 
Biol.  Report  No.  37A.    14  pp. 
In  this  study  of  food  eaten  by  several  species 
of  fishes  and  of  efficiency  of  foods  in  producing 
fish,   23   cutthroat   stomachs  were   examined. 
Details  of  diet  composition  are  presented.    The 
cutthroat  diet  was  similar  to  that  of  steel- 
head,  with  insects  dominating  the  diet. 
Code,  Mark  R. 

1950.  Cutthroat  trout  without  dorsal  fins.  Pro- 
gressive Fish-Culturist,  12(2):  85-86. 
Cutthroat  without  dorsal  fins  were  found  in 
South  Fork  of  Sheep  Creek  in  the  Ashley  Na- 
tional Forest  in  Utah  in  1936.  The  coloring  of 
the  abnormal  fish  was  darker  than  that  of 
normal  cutthroat  in  the  same  stream.  Some 
fish  with  deformed  dorsal  fins  were  found  in 
the  same  stream. 
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Cope,  E.  Dm  and  H.  C.  Yarbow. 
1875.     Report  upon  the  collections  of  fishes  made 
in  portions  of  Nevada,  Utah,  California, 
New  Mexico,  and  Arizona  during  the  years 
1871, 1872, 1873,  and  1874.    Zoology  of  the 
Wheeler  Survey,  5  :  637-700. 
Life   history   account   of   Salmo   virginalis, 
called  lake  trout,  brook  trout,  and  speckled 
trout,  with  account  of  spawning,  feeding,  and 
movements.     Angling  methods  are  discussed. 
A  discussion  of  Rio  Grande  trout,  Salmo  spilu- 
rus  and  Salmo  pleuriticus,  is  presented. 
Cope,  Oliver  B. 

1953a.     Chloretone  as  an  anaesthetic  for  adult 
cutthroat   trout.     Progressive  Fish-Cul- 
turist,  15(1)  :35. 
Chloretone  was  sucessfully  used  for  anaes- 
thetizing adult  cutthroat  at  Yellowstone  Lake 
in  1952.     Stock  solution  was  prepared  in  the 
laboratory,  diluted  in  the  field,  and  used  on  cut- 
throat at  a  strength  of  1 :  2,000.     Cost  of  the 
chloretone   is    slightly    higher    than    that   of 
urethane. 
1953b.     Length  measurements  of  Lake  Yellow- 
stone   trout.     U.S.    Fish    and    Wildlife 
Service,     Special     Scientific     Report — 
Fisheries  No.  103.    17  pp. 
Conversion  factors  and  tables  are  given  for 
total  length,  fork  length,  and  standard  length 
of  cutthroat  from  Yellowstone  Lake.    Compari- 
sons from  year  to  year  of  average  total  lengths 
from  the  fishery  and  from  spawning  runs  show 
that  declines  in  size  took  place  from  1950  to 
1952  in  the  northern  part  of  the  lake,  where 
fishing  was  heaviest. 

1955.  The  future  of  the  cutthroat  in  Utah.  Pro- 
ceedings of  the  Utah  Academy  of  Science, 
Arts,  and  Letters,  32  :  89-93. 

The  original  cutthroats  in  Utah,  the  Utah 
cutthroat  and  the  Colorado  cutthroat,  have 
been  replaced  by  the  Yellowstone  cutthroat. 
Three  factors  threaten  the  cutthroat  in  Utah 
and  in  other  Rocky  Mountain  States.  Con- 
struction of  dams  has  blocked  spawning  runs, 
and  more  dams  are  planned.  Rainbow  are 
being  planted  in  cutthroat  waters  and  replacing 
the  cutthroat.  Importation  of  cutthroat  eggs 
from  Yellowstone  Park  has  been  stopped,  elim- 
inating about  45  percent  of  the  supply  to  Utah. 

1956.  Some  migration  patterns  in  cutthroat 
trout.  Proceedings  of  the  Utah  Academy 
of  Science,  Arts,  and  Letters,  33 :  113-118. 

Migrating  cutthroat  trout  spawners  in  Ar- 
nica Creek,  Yellowstone  National  Park,  were 
counted,  day  and  night,  in  1951.  Five-sixths  of 
the  total  count  for  the  season  entered  the 
stream  between  the  hours  of  6  p.m.  and  7-8 


a.m.  This  nocturnal  migration  is  unusual  for 
salmonid  spawners,  and  is  explained  by  the 
response  of  spawners  to  evening  freshets  that 
occur  during  the  season  of  melting  snows. 

Lakeward-migrating  fry  in  the  same  stream 
were  counted,  and  it  was  found  that  88  per- 
cent of  the  total  count  from  August  1  to  15 
moved  downstream  at  night.     Nocturnal  move- 
ments of  fry  have  been  observed  in  other  trouts 
and  in  salmon,  and  have  been  attributed  to  a 
negative  phototropism. 
1957a.     Six  years  of  catch  statistics  on  Yellow- 
stone Lake.     Transactions  of  the  Amer- 
ican Fisheries  Society,  85  :  160-179. 
Catch  statistics  on  cutthroat  in  Yellowstone 
Lake  are  reported  for  the  years  1950-55.    This 
fishery  has  only  one  species,  the  Yellowstone 
cutthroat.     Hourly   distribution   of  fishing  is 
unusual  in  that  there  is  practically  no  fishing 
before  7  a.m.  and  there  are  three  peak  periods 
of  fishing  throughout  the  day.     There  is  an 
unusual   uniformity   of   fishing   effort   among 
days  of  the  week.    Characteristics  of  the  vari- 
ous components  of  the  fishery  are  described. 
Reduction  of  the  daily  catch  limit  from  five 
to  three  fish  in  1953  did  little  toward  reducing 
total   catch,   but   a   shortened   season   had   a 
decided  effect  on  reduction  of  catch. 
1957b.     Races  of  cutthroat  trout  in  Yellowstone 
Lake.     U.S.  Fish  and  Wildlife  Service, 
Special  Scientific  Report — Fisheries  No. 
208,  pp.  74-84. 
Yellowstone  cutthroat  in  tributaries  to  Yel- 
lowstone Lake  and  in  Yellowstone  River  were 
studied  to  determine  the  existence  of  races. 
Tagging  showed  the  association  of  groups  of 
fish   with   particular   spawning   streams,   and 
suggests  that  each  tributary  studied  has  its 
own  race  of  cutthroat.     Migrational  patterns 
in  the  lake  after  spawning  are  quite  constant 
from   year  to   year.     Mixing   of  races   takes 
place  in  the  lake,  and  each  part  of  the  lake 
appears  to  contain  about  the  same  mixture 
each  year. 

Times  of  migration  into  five  streams  were 
examined  for  5  years,  and  five  different  pat- 
terns were  perceived.  The  patterns  were  very 
constant  from  year  to  year. 

Differences  in  mean  total  length  of  fish  in 
spawning  runs  were  measured,  and  significant 
differences  found  between  streams.  The  dif- 
ferences may  be  due  to  differences  in  age  com- 
position or  in  growth  rate,  but  are  racial,  since 
the  same  relations  occur  year  after  year. 

Sizes  of  eggs  and  numbers  of  eggs  per  fe- 
male were  compared  in  relation   to  sizes  of 
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fish.     Counts  and  measurements  do  not  sug- 
gest that  the  fish  are  all  of  the  same  race. 
1957c.     The  choice  of   spawning   sites   by   cut- 
throat trout.     Proceedings  of  the  Utah 
Academy  of  Science,  Arts,  and  Letters, 
34 :  73-79. 
Several    environmental    factors    were    ex- 
amined in  stream  surveys  on  six  Yellowstone 
Lake  tributaries  used  by  cutthroat  trout  for 
spawning.     Attempt  was  made  to  relate  dis- 
tribution of  redds  in  each  stream  with  factors 
known  to  sometimes  influence  choice  of  spawn- 
ing sites.    Distribution  of  the  best  gravel  and 
presence  of  waterfalls,  log  jams,  and  chemical 
barriers  can  account  for  distribution  of  nests 
in  most  of  the  streams.     No  explanation  is  at 
hand,  with  our  limited  knowledge,  to  reveal 
why  more  spawning  did  not  take  place  in  up- 
stream areas  in  Chipmunk  Creek ;  spawners 
shunned  what  seemed   to  be  ideal  spawning 
territory  in  middle  stretches  and  used  lower 
sections. 

Influences  of  forest  cover  and  stream  gradi- 
ent on  distribution  of  spawning  in  streams 
were  studied,  but  no  effects  were  apparent. 

A    theory    applying    to    use    by    migrating 
spawners  of  headwater  areas  by  the  first  part 
of  the  migration  and  downstream  sections  by 
the  later  parts  of  the  run  was  examined  in  the 
light  of  experience   with  cutthroat   in   these 
streams.     Arnica,    Chipmunk,    and    probably 
Pelican  Creek  fish  support  the  theory;  Clear 
Creek  fish  were  the  only  ones  appearing  to 
refute  the  hypothesis. 
1958a.    Annotated  bibliography  on  the  cutthroat 
trout.     Fishery    Bulletin    of    the    U.S. 
Fish  and  Wildlife  Service.  58(140)  :  417- 
442. 
Publication  of  articles  on  the  cutthroat  trout 
began  before  the  turn  of  the  century,   after 
exploration  in  the  intermountain  region  had 
brought  several  forms  of  the  cutthroat  trout 
to  the  attention  of  fishery  workers.     The  pres- 
ent compilation  brings  together  135  abstracts  of 
papers  which  deal  with  the  biology,  culture, 
distribution,  and  management  of  the  cutthroat. 
Twenty-seven  zoological  names  proposed  for 
the  cutthroat  are  listed,   and   70  vernacular 
names,  taken  from  the  literature,  are  presented. 
1958b.     Incidence  of  external  parasites  on  cut- 
throat trout  in  Yellowstone  Lake.     Pro- 
ceedings of  the  Utah  Academy  of  Science, 
Arts,  and  Letters,  35  :  95-100. 
Fish  and  Wildlife  Service  biologists  deter- 
mined some  features  of  the  external  parasites 
on  Salmo  clarki  lewisi  in  Yellowstone  Lake. 
They  counted  and  tabulated  numbers  of  cope- 


pods  (Salmincola  sp.)  and  leeches  (Piscicolal 
salmositica)  on  10,700  cutthroat  trout  in  thej 
1956  and  1957  spawning  migrations  out  of 
Yellowstone  Lake.  Comparisons  of  incidence 
of  copepods,  using  analysis  of  variance  and  t\ 
tests,  showed  that  statistical  differences  in  de-J 
gree  of  parasitism  in  1957  did  occur,  and  the 
Arnica  Creek  fish  were  more  heavily  infested 
than  fish  from  other  streams.  With  respect 
to  the  leeches,  Arnica  Creek  fish  also  showed 
significantly  greater  numbers  than  those  in 
four  other  tributary  streams. 

Arnica  Creek  fish  showed  no  statistical  dif- 
ference in  numbers  of  copepods  or  leeches  be-! 
tween  1956  and  1957.  Comparisons  of  para- 
sitism on  host  sexes  showed  that  male  cutthroat 
bore  more  copepods  then  did  females,  buti 
female  trout  had  more  leeches  than  did  males. 

Trout  on  the  upstream  migration  in  Arnica 
Creek  bore  more  copepods  and  leeches  than 
did  the  same  fish  moving  downstream  after 
spawning.  It  is  supposed  that  many  parasites- 
were  rubbed  off  the  hosts  during  spawning/ 

Copepods  in  all  streams  were  most  abundant 
at  the  beginnings  and  ends  of  the  trout  migra- 
tions ;  the  smallest  numbers  were  found  in  the 
middle  of  the  season.  In  three  streams,  great- 
est leech  incidence  was  noted  at  the  beginnings 
of  the  migrations  with  no  leeches  after  the 
middle  of  the  runs ;  one  stream  had  the  great-i 
est  leech  density  on  its  fish  at  the  end  of  the 
season. 

1961.  Effects  of  DDT  spraying  for  spruce  bud- 
worm  on  fish  in  the  Yellowstone  River  sys- 
tem. Transactions  of  the  American  Fish- 
eries Society,  90(3)  :  239-251. 

DDT  was  sprayed  at  1  pound  per  acre  from 
airplanes  for  the  control  of  spruce  budworm  on 
71,678  acres  in  the  Yellowstone  River  drain- 
age in  1957.  Stream-bottom  invertebrates 
were  reduced  in  number  immediately  after  the 
spray.  Recovery  to  near-normal  total  num- 
bers occurred  within  a  year  in  most  streams, 
but  species  composition  was  altered.  Drift 
samples  in  one  stream  showed  dead  and  dying 
invertebrates  to  be  drifting  in  the  current  in 
great  numbers.  No  mortality  to  fish  was 
found.  Chemical  analysis  showed  that  DDT: 
up  to  0.03  p.p.m.  was  in  several  samples  of; 
water  from  streams.  In  one  case  a  trace  was 
found  55  miles  downstream  from  the  spray 
area.  Vegetation  samples  contained  up  to  2.3 
p.p.m.  of  DDT.  All  of  the  80  samples  of  moun- 
tain whitefish  (Prosopium  williamsoni) ,  cut- 
throat, rainbow,  and  brown  trout  (Salmo 
clarki,  Salmo  gairdneri,  and  Salmo  trutta) 
analyzed   contained   either   DDT   up   to   14.0 
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p.p.m.  or  DDE  up  to  6.54  p.p.m.,  or  both.  DDT 
was  found  in  trout  85  miles  below  the  spray 
area,  and  fish  taken  more  than  2  years  after 
spraying  contained  DDT. 

Cordone,  Almo  J.,  and  Don  W.  Kellet. 

1961.     The  influences  of  inorganic  sediment  on 
the  aquatic  life  of  streams.     California 
Fish  and  Game,  47(2)  :  189-228. 
This  is  a   review  of  investigations  on  the 
effects  of  inorganic  sediment  on  the  aquatic 
life  of  streams.    The  direct  effect  of  sediment 
upon  fishes,  the  influences  of  sediment  upon 
eggs  and  alevins,  bottom  organisms,   aquatic 
plants,  chemical  and  physical  characteristics, 
and  fish  habitat  and  fish  populations  are  dis- 
cussed.    Studies   on   cutthroat   trout   are  re- 
viewed and  discussed  in  the  light  of  effects  of 
sediment     It   is   concluded   that   sediment   is 
detrimental  to  aquatic  life  in  salmon  and  trout 
streams. 

Cramer,  Frederick  K. 

1940.     Notes  on  the  natural  spawning  of  cut- 
throat  trout    (Salmo   clarkii   clarkii)    in 
Oregon.    Proceedings  of  the  Sixth  Pacific 
Science  Congress  of  the  Pacific  Science 
Association,  3:335-339. 
This  study   at   Alsea   Hatchery   in   Oregon 
was  concerned  primarily  with   spawning  ac- 
tivities of  coastal  cutthroat.    Time  of  spawn- 
ing: spawning  migrations  were  counted  from 
December  5,  1938,  to  February  17,  1939,  indi- 
cating a  peak  in  late  November  and  early  De- 
cember.    Time    of    hatching:    eggs    hatch    in 
45-50  days.     Nature  of  gravels  and  nests  :  eggs 
were  4  to  7  inches  deep  in  pea-size  gravel. 
Spawning  activity :  spawning  day  and  night. 
Spawning   was   completed   in   2   days.     More 
than  one  nest  per  female  was  built.     Eggs  re- 
moved  from   nest :  proportion   of  fertile  live 
eggs  90  percent  and  better  at  stages  up  to  17 
days.     Egg  counts:  2-year-old  hatchery  trout 
averaged  372.5  eggs  per  female.     Small,  wild, 
resident  cutthroat  averaged  480,  and  large,  sea- 
run  cutthroat  averaged  1,170  eggs  per  female. 
Sex    ratio :  52    males   to   48   females   in    the 
spawning  run. 

Daniels,  T.  W. 

952.  Two-Ocean  Pass,  Wyoming.  Wyoming 
Wildlife,  16(6)  :  4-8. 
Two-Ocean  Pass,  on  the  Continental  Divide 
in  Wyoming,  is  described  geographically,  and 
historical  significance  of  fishing  studies  there 
is  discussed.  This  was  the  route  used  by  cut- 
throat to  enter  Yellowstone  Lake  from  the 
Snake  River,  according  to  the  author,  who  cites 
Evermann. 


Davis,  H.  S. 

1947.    Oare  and   diseases  of  trout.     U.S.   Fish 

and   Wildlife   Service,   Research   Report 

12,  Third  Revision.     98  pp. 

Oare  of  trout  at  the  hatchery,  including  care 

of  ponds   and  raceways,   is  treated   at  some 

length.     This  is  followed  by  general  discussion 

of  trout  foods  and  methods  of  feeding,  special 

attention  being  paid  to  use  of  dry  products  for 

supplementing  fresh  meat  in  the  diet.     Some 

consideration  is  given  improvement  of  brood 

stock  and  its  practical  value. 

General  discussion  of  parasites  and  diseases 
of  trout  and  their  control  is  followed  by  de- 
tailed account  of  each  disease,  including  char- 
acteristic symptoms,  etiology,  pathology,  and 
methods  of  control.  Figures  include  drawings 
and  photomicrographs  of  the  most  important 
organisms  that  cause  trout  diseases  and  their 
effects  on  tissues. 

Numerous  examples  of  care  and  diseases  of 
cutthroat  trout  are  used  in  this  report. 
1953.     Culture  and  diseases  of  game  fish.     Uni- 
versity of  California  Press,  Berkeley  and 
Los  Angeles,     a? +332  pp. 
Cultural  methods  applicable  to  cutthroat  and 
other  trouts  are  discussed,  and  diseases  and 
parasites,  some  of  which  occur  in  cutthroat, 
are  taken  up  in  detail. 
DeWitt,  Jomn  W.,  Jr. 

1954a.     A  survey  of  the  coast  cutthroat  tromt, 
Salmo  clarki  clarki  Richardson,  in  Cali- 
fornia,    California     Fish     and     Game 
40(3)  :  32^-335. 
Distribution  of  coastal  cutthroat  in  Califor- 
nia,   morphology,  life-history  notes,   and  age 
distribution  are  discussed. 
1954b.     A  survey  of  private  trout  enterprises  in 
the    west.     Progressive    Fisa-Culturist, 
16(4)  :  147-152. 
This  paper  deals  with  types  of  trout  busi- 
nesses, status  of  ownership,  length  of  time  in 
business,  investment  and  income,  egg  and  trout 
production,   and  important  general  problems 
in  private  trout  production.     Cutthroat  trout 
production  in  Western  States  is  listed  in  tables. 
Dimick,  R.  E.,  and  Don  C.  Mote. 
1934.     A  preliminary  survey  of  the  food  of  Oregon 
trout     Oregon    State    College,    Agricul- 
tural Experiment   Station,   Bulletin  323. 
23  pp. 
Insects  are  the  dominant  food  of  cutthroat 
and  rainbow  trout  in  Oregon.     Aquatic  insects 
are  the  bulk  of  the  food.     Terrestrial  insects 
are  prominent  in  diet  in  spring,  summer,  and 
fall.     Crayfish,  small  fish,  and  pieces  of  dead 
salmon   are  important   to  large  trout,   while 
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immatures  of  blackflies  and  midges  are  impor- 
tant to  small  trout  in  streams.     Small  trout 
in  lakes  eat  mainly  immature  midges  and  water 
fleas.     Fresh-water  shrimps  are  important  to 
Oregon  trout  in  lakes.     Table  II  has  detailed 
analysis  of  food  of  326  cutthroat  trout. 
Dimick,  R.  E.,  and  Fred  Merryfield. 
1945.     The  fishes  of  the  Willamette  River  system 
in    relation   to    pollution.     Oregon    State 
College,  Engineering  Experiment  Station, 
Bulletin  20.     58  pp. 
Details  of  distribution  of  coastal  cutthroat 
in   this   drainage   are  given.     Two  biological 
phases  of  the  cutthroat  are  reported  for  the 
Willamette  system.     One  is  nonmigratory  and 
does  not  get  down   to  the  main  stem.     The 
other  is  migratory  and  gets  at  least  down  to 
the  main  stem,  and  perhaps  to  the  ocean.     Mi- 
gratory   fish    are    larger,    growing    to    18-20 
inches.     Spawning  and  feeding  habits  are  dis- 
cussed.    Relations  to  pollution  are  treated. 
Donaldson.  Lauren  R.,  and  Fred  J.  Foster. 
1938.     A  summary  table  of  some  experimental 
tests  in  feeding  young  salmon  and  trout. 
Transactions  of  the    American    Fisheries 
Society.  67  :  262-270. 
Tables  contain  many  references  to  diets  fed 
to  cutthroat,  and  effects  on  the   fish. 
Donaldson,  Lauren  R.,  Donald  D.  IIansler.  and 

Terry  X.  Buckridgk. 
1957.     Interracial     hybridization     of     cutthroat 
trout.  Salmo  clarkii,  and  its  use  in  fisher- 
ies   management.     Transactions    of    the 
American  P'isheries  Society,  86 :  350-360. 
Two  races  of  coastal  cutthroat  trout  i  Salmo 
clarkii)   were  hybridized,  and  resultant  first 
generation  hybrids  were  compared  with  parent 
races.     In  both   laboratory   and   field   studies 
the  hybrids  showed  evidence  of  hybrid  vigor. 
Catch  of  sport  fishermen,  during  two  seasons 
at  Echo  Lake  in  Washington,  where  both  par- 
ent and  hybrid  trout  were  planted,  was  com- 
posed of  3  to  6  times  as  many  fish  of  hybrid 
stocks  as  of  parent  races. 
Drummond,  Robert  A.,  and  Howard  A.  Tanner. 
1960.     Reproduction   and    harvest   of   cutthroat 
trout   at   Trappers   Lake.     Colorado   Co- 
operative Fishery  Research  Unit,  7 :  1-19. 
Yellowstone  and  Colorado  River  cutthroat 
were  studied  in  Trappers  Lake.     Numbers  of 
spawners     were     determined,     and     Colorado 
River  trout  were  3.5   times  as  abundant  as 
Yellowstone  cutthroat.     Production  of  fry  was 
estimated.     A  total  of  25,780  hours  of  fishing 
removed  11,601  trout  from  the  lake. 


Dymond,  J.  R. 

1928.     The  trout  of  British  Columbia.     Transac- 
tions of  the  American  Fisheries  Society, 
58 :  71-77. 
Description  of  cutthroat  is  given,  with  notes 
on  distribution.     Suggestions  for  management 
are  advanced. 

1931.  Description  of  two  new  forms  of  British 
Columbia  trout.  Contributions  to  Cana- 
dian Biology  and  Fisheries  N.  S.,  6(16)  : 
391^395. 

Kainloops  and  cutthroat  trout  found  at  high 
altitudes  in  British  Columbia  differ  in  so  many 
respects  from  those  occurring  at  lower  levels 
that  it  has  been  found  advisable  to  recognize 
them  as  subspecifically  distinct.  Two  new 
subspecies  are  therefore  described,  viz.,  Salmo 
kamloopa  irhitchousci  and  Salmo  clarkii  al- 
peatris. 

1932.  The  trout  and  other  game  fishes  of  British 
Columbia.  Canada  Department  of  Fish- 
eries. Ottawa,  51  pp. 

Structural  and  color  details  of  cutthroat  in 
British  Columbia  are  described.  Salmo 
clarkii  clarkii,  8.  c.  lewisi,  and  S.  c.  alpestris 
are  subspecies  treated,  and  a  hybrid  between 
Kamloops  and  cutthroat  is  briefly  discussed. 
Excellent  color  plates  of  coastal  and  Yellow- 
stone cutthroats  are  included.  Descriptions 
and  life  histories  include  colorations,  morphol- 
ogies, migrations,  spawning,  and  game-fish 
qualities.  Comparisons  with  steelhead  are 
made  for  the  coastal  form. 
Echo,  Job  n  B. 

1  !>."><;.     Some    ecological    relationships    between 
yellow    perch     and    cutthroat    trout    in 
Thompson  Lake,  Mont.     Transactions  of 
the  American  Fisheries  Society,  84 :  239- 
248. 
Relation    between    yellow    perch    and    cut-  \ 
throat   trout  in  Thompson  Lake  in  Montana 
was  investigated  in  summers  of  1952  and  1953. 
These    lakes    originally    contained    cutthroat 
trout  and  were  later  planted  with  yellow  perch. 
Spawning  time  of  yellow  perch  was  in  early 
May,   of   cutthroat   trout   in    late   May.     The 
population   of   yellow   perch   was    large,   and 
growth  was  very  slow.     Although  number  of 
cutthroat   trout   was   small,   growth   rate   for 
this  species  was  about  average.     Food  of  yel- 
low perch  was  largely  immature  aquatic  in- 
sects and  plankton,   while  that   of  cutthroat 
trout  was  mostly  mature  aquatic  insects  and 
small    perch.     Yellow    perch    were   commonly 
distributed  along  lake  margins,   and  concen- 
trations of  perch  fry  and  adults  were  found 
in  these  areas  in  spring.     During  this  period 


REVISED    BIBLIOGRAPHY    ON   THE    CUTTHROAT   TROUT 


11 


the  Balmonld  fishes  were  predominantly  in 
deep  water.  Spot  poisoning  of  yellow  perch 
concentrations  practically  destroyed  all  fish 
in  the  treated  area.  Management  suggestions 
are  given. 
Ellis,  Max. 

11)14.     Fish    of    Colorado.     University    of   Colo- 
rado Studies,  11(1)  :  1-136. 
General  discussion   of  trouts  in   Colorado; 
specific    treatments   of  distributions   and   ap- 
pearances of  Salmo  o.  spUurus,  S.  c.  pleuriticus, 
S.  c.  stomias,  and  S.  c.  macdonaldi. 
Evermann.  Barton  \Y. 

1893.     A  reconnaissance  of  the  streams  and  lakes 
of    western    Montana    and    northwestern 
Wyoming.     Bulletin    of    the    U.S.     Fish 
Commission.  11 :  3-60. 
Deals  with  natural-history  features  of  trout 
streams  and  distribution  of  fishes,  as  well  as 
requirements   for   fish-cultural   stations.     Dis- 
tributional and  descriptive  notes  on  8.  mykiss 
are  given. 
Evermaxx,  Barton  W.,  and  E.  L.  Goldsborough. 
1907.     The  fishes  of  Alaska.     Bulletin  of  the  U.S. 
Bureau  of  Fisheries,  26 :  219-360. 
Discussion  of  distribution  of  cutthroat  trout 
in  Alaska,  description  of  the  fish  and  compari- 
son with  rainbow,  and  fishing  methods.     Ex- 
cellent colored  plate. 
Fish,  Frederic  F. 

1934.     Ulcer  disease  of  trout.     Transactions  of 
the  American  Fisheries  Society,  64 :  252- 
258. 
Lesions  of   a    type   like   furunculosis   were 
noted  on  fingerling  cutthroat,  brook,  rainbow, 
and  lake  trout  and  were  caused  by  Proteus 
hydrophilus.     Gross   and   microscopic   pathol- 
ogy are  described,  and  control  is   discussed. 
Photograph  of  lesions  on  cutthroat. 
Fleener,  G.  G. 

1952.     Life  history  of  the  cutthroat  trout,  Salmo 
clarki  Richardson,  in  Logan  River,  Utah. 
Transactions  of  the  American  Fisheries 
Society,  81 :  235-248. 
This    study    of    cutthroat    trout    in    Logan 
River,  Utah,  was  based  on  306  specimens  col- 
lected during  1948  and  1949  with  an  alternat- 
ing-current  electric   shocking  machine.     Cut- 
throat   trout    comprised    24    percent    of    the 
anglers'  catch  in  1948  and  31.5  percent  in  1949. 
The  greatest  numbers  were  found  in  areas  with 
a  high  stream  gradient.     An  estimated  min- 
imum number  of  43.6  pounds  of  cutthroat  per 
acre  and  565  fish  per  mile  wras  obtained  from  a 
series  of  shocking  operations  in  1949.     Scale 
analysis  was  employed  in  determining  age  of 
the  fish.     With  a  scale  magnification  of  50  X, 


the  body-scale  (L/S)  relation  of  cutthroat  trout 
can  be  described  as  a  curvilinear  regression 
line,    and    expressed    by    the    equation    L= 

3<411/Sf1.2006. 

Smallest  average  annual  growth  increment 
was  53  millimeters.  This  was  based  on  a  grow- 
ing season  of  approximately  200  days.  Growth 
began  in  latter  part  of  March  and  extended  to 
early  October. 

Relation  between  standard  length  and 
weight  was  expressed  mathematically  as 
W=4.344X10'5L28253  where  W  equals  weight 
in  grams  and  L  equals  standard  length  in 
millimeters.  Coefficient  of  condition  de- 
creased as  length  of  fish  increased.  Male 
cutthroat  trout  had  slightly  more  weight 
per  unit  of  length  than  females.  Of  142  fish 
marked  with  jaw  tags,  15  were  recovered;  9 
moved  out  of  the  0.1-mile  area  where  they 
were  released.  Spawning  period  of  cutthroat 
trout  in  this  area  lasted  from  early  April  to 
middle  of  August,  but  most  fish  spawned  be- 
fore middle  of  July.  Adult  females  ranged  in 
size  from  11  inches  downward.  Slightly  more 
females  were  present  in  a  total  of  35  separate 
collections. 

Insects  were  the  main  item  in  diet  of  Logan 
River  cutthroat  trout.  Ephemeroptera,  Tri- 
choptera,  and  Diptera  were  principal  aquatic 
orders  taken,  while  most  important  terrestrial 
order  was  Coleoptera.  Small  numbers  of  fish 
eggs  eaten  indicated  that  survival  was  not 
affected.  Only  two  occurrences  of  fish  were 
found  in  the  entire  food  habits  study.  Small 
size  of  cutthroat  trout  in  this  area  is  in  part 
attributable  to  almost  total  absence  of  forage 
fish  in  upper  Logan  River. 

Foster,  Fred  J. 

1933.     Life   histories   and  environmental  needs 
of  native  and  introduced  fish.    In  "Game 
Management   Developments  and  Needs," 
Utah  State  Agricultural  College,  Miscel- 
laneous Publication  No.  10.    pp.  5-9. 
Relations  between  cutthroat  in  Utah  and  in- 
troduced yellow  perch  are  discussed.    Kinds  of 
cutthroat   present   in   Utah,   spawning  condi- 
tions,   characteristics    of   eggs    and   hatching 
habits  of  fry  are  presented.     Causes  of  mor- 
tality are  listed  as  nonfertilization,  high  water, 
and  natural  enemies.     Life  history  of  yellow 
perch     is    briefly    discussed.     Environmental 
needs    of   cutthroat   are   noted — character   of 
water,  food,  and  proper  spawning  conditions. 

Gard,  Richard. 

1953.  A  taxonomic  study  of  the  rainbow  trout 
populations  of  the  streams  on  Mount  St. 
Gorgonio,  San  Bernardino  County,  Calif. 
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Master  of  arts  thesis,  University  of  Cal- 
ifornia.   59  pp. 
This  study  was  undertaken  to  determine  if 
Salmo  everniMnni  still  existed  in  pure  form. 
Several  morphological  features  are  correlated 
with  type  of  environment.    Given  are  :  descrip- 
tion of  collecting  areas,  status  of  populations, 
sampling  methods,  comparisons  of  character- 
istics, effects  of  stocking.    It  is  concluded  that 
8.  evermanni  is  not  present  in  the  area,  and 
this  is  attributed  to  stocking  with  rainbow. 
Gee,  Merle  A. 

1940.    Eeport  on  the  Upper  Pecos  River  creel 
census,  Santa  Fe  National  Forest.    Trans- 
actions of  the  Fifth  North  American  Wild- 
life Conference,    pp.  207-217. 
A  creel  census  was  conducted  in  1939  in  the 
Upper  Pecos  Elver.    Brown,  rainbow,  tad  Yel- 
lowstone   cutthroat    trout    were    the    species 
caught.     Brown  trout,  naturally  reproduced, 
were  the  most  abundant  in  the  creel.    Bain- 
bows,  stocked  and  naturally  reproduced,  were 
next   in   numbers    in   the   creel.      Cutthroat, 
planted  and  naturally  reproduced,  comprised 
oaly  9.18  percent  of  the  catch.    The  cutthroat 
catch  peaked  in  August,  possibly  as  a  result  of 
midsummer  recruitment.    The  6-  to  8-inch  size 
class  of  cutthroat  was  the  most  important  class. 
1942.     Success  of  planting  legal-siaed  trout  in 
the  Southwest.    Transactions  of  the  Sev- 
enth  North    American   Wildlife    Confer- 
ence,   pp.  238-245. 
Plants  of  legal-sized  rainbow  and  cutthroat 
trout  were  made  from  1939  to  1941,  and  in 
spring,  summer,  fall,  and  winter  plantings.    Re- 
turns for  the  two  species  were  generally  com- 
parable, with  returns  from  37.3  to  58.8  percent 
from  spring  and  summer  plantings.     Best  re- 
turns were  from  releases  Just  before  opening 
of  fishing  season  and  during  the  season.    Over- 
wintering of  planted  fish  was  poorer  than  with 
wild  fish. 
Gilbert,  Charles  H.,  and  Barton  W.  Evermann. 
1894.     A  report  upon  investigations  in  the  Co- 
lumbia River  Basin,  with  descriptions  of 
four  new  species  of  fishes.    Bulletin  of  the 
U.S.  Bureau  of  Fisheries,  14 :  169-204. 
Discusses  morphology  of  various  subspecies 
of  cutthroat  in  this  drainage  and  others. 
Grasse,  James  E. 

1949.  Beaver  and  trout.  Wyoming  Wildlife, 
13(11)  :4-13. 
Review  of  work  on  beaver-trout  relations  is 
given.  Beaver  in  Wyoming  are  discussed,  and 
the  place  of  cutthroat  and  brook  trout  in  re- 
lation to  these  species  is  treated.  The  author 
concludes  that  beaver  ponds  are  beneficial  to 


trout  in  Wyoming,  and  that  the  brook  trout  is 
the  beaver-pond  trout  in  that  State. 
Greene,  William  S.,  Jr. 
1937.     Colorado    trout.    Colorado    Museum    of 
Natural  History,  Popular  Series,  No.  2. 
48  pp. 
Contains  sections  on  Trutta  pleuriticus,  T. 
virginalit,  T.  macdonaldi,  and  T.  stomias,  with 
treatments  on  identification,  distribution,  and 
biology. 
GairriN,  L.  E. 

19*8.     Experiments  on  the  tolerance  of  young 
trout  and  salmon  for  suspended  sediment 
in  water,  In  "Placer  mining  on  the  Rogus 
River,  Oreg.,  in  its  relations  to  the  fish 
and  fishing  in  that  stream."    Oregon  De- 
partment  of   Geology   and   Mineral   Re- 
sources, Bulletin  10,  Appendix  B :  28-31. 
Experiments  were  performed  to  learn  the 
direct  effects  of  soil  sediment  in  water  on  fish. 
The  fish  were  2-  to  2y2-inch  cutthroat  trout 
and  young  chinook  salmon.     Some  cutthroat 
were  held  in  troughs  and  2,300  to  3,500  p.p.m. 
of  sediment  was  added  to  the  flowing  water; 
other  cutthroat  were  held  in  clear  water.    The 
ash  in  clear  water  were  nervous  during  the 
experiment,  while  those  in  cloudy  water  were 
bold.    After  2  weeks,  56  percent  of  the  trout  in 
the  cloudy  water  were  alive ;  10  percent  of  the 
control  fish  were  alive.    With  salmon,  in  water 
containing  3,100  to  6,500  p.p.m.  of  sediment, 
88  percent  were  alive  after  28  days;  control 
salmon  had  a  36  percent  survival  in  the  same 
time.     The  experiment  shows  that  cutthroat  j 
trout  and  chinook  salmon  can  live  in  muddy 
and   opaque  water,   and  can  feed  and   grow 
well  in  very  muddy  water. 
GRirnTHS,  Francis  P.,  and  Elden  D.  Yoeman. 
1940.     A  comparative  study  of  Oregon  coastal 
lakes  from  a  fish  management  standpoint. 
Proceedings  of  the  Sixth  Pacific  Science 
Congress  of  the  Pacific  Science  Associa- 
tion, 3 :  323-333. 
Oregon   Game  Commission  studied  certain 
coastal  lakes  in   Oregon  to  compare  produc- 
tivity and  to  find  a  brood  lake  for  coastal  cut- 
throat.    Geographical  and  climatological  fea- 
tures of  the  lakes  are  discussed,  fish  faunas  of 
10  lakes  are  listed,  and  their  limnology  treated. 
Food  of  cutthroat  of  the  lakes  is  composed 
mostly  of  insects.     Condition  factors  ranged 
from  41.67  to  69.47.     Suggestions  for  manage- 
ment of  the  lakes  are  presented. 
Hagen,  Harold  K. 

1958.     A  case  for  the  native.    Wyoming  Wildlife, 
22(9)  :  31-37. 
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This  article  describes  the  dominance  of  rain- 
bow and  brook  trouts  over  the  cutthroat  in  the 
Rocky  Mountain  region.     The  life  history  of 
the  cutthroat  is  described  in  detail. 
Haig-Brown,  Roderick  L. 

1939.     The  western  angler — an  account  of  Pacific 
salmon    and    western    trout.     Derrydale 
Press,  New  York.     200  pp. 
Good  account  in  nontechnical  language  of 
biologies  and   life  histories  of  cutthroats  in 
British    Columbia.     Chapter    on    coastal   cut- 
throats  describes   migrations   in   detail,   and 
another  on  nonmigratory  cutthroat  contains  a 
great  deal  of  valuable  material  on  habits. 
Hall,  E.  Raymond. 

1924.  Pelicans  versus  fishes  in  Pyramid  Lake. 
Condor,  27 :  147-160. 
Importance  of  cutthroat  trout  o$  Pyramid 
Lake  is  discussed,  and  the  decline  or* commer- 
cial and  sport  fisheries  is  described.  Investi- 
gation of  white  pelicans  in  relation  to  cut- 
throat was  begun  in  1924.  Food  habits  of 
pelicans  and  their  feeding  behavior  in  herding 
trout  are  treated.  Red  suckers,  lake  min- 
nows, lake  chubs,  carp,  Sacramento  perch,  and 
catfish  were  taken  by  the  pelicans,  as  well  as 
cutthroat  up  to  8  pounds.  Trout  were  consid- 
ered accidental  food  items.  It  is  concluded 
that  the  white  pelican  is  not  detrimental  to 
fishing  industry,  although  local  people  believe 
it  eats  large  numbers  of  cutthroat.  Decline  of 
trout  is  blamed  on  depletion  of  water,  as  well 
as  on  a  dam,  diversions,  and  pollution. 
Hall,  Maurice  C. 

1930.     Report  on  parasites  of  pelican  and  trout 
investigations  at  Yellowstone  Lake,  1930. 
Unpublished      report      in      Yellowstone 
Museum.     10  pp. 
Studies    on    tapeworms    in    cutthroat    and 
pelicans  featured  postmortem  examination  of 
pelicans  for  parasites  and  antihelminthic  treat- 
ment  of   pelicans.     Pelicans   are   freed   from 
tapeworms   with   kamala.     Relation   between 
fish  size  and  parasitism  is  discussed,  as  is  the 
relation  between  parasitism  and  reduced  cut- 
throat egg  production.     Antihelminthic  treat- 
ment of  pelicans  is  recommended  as  a  control 
for  tapeworms  in  Yellowstone  Lake  cutthroat. 
Hammer,  Glen  L. 

1960.     Toxicity    of   pyridylmercuric    acetate    to 

cutthroat    trout.     Progressive    Fish-Cul- 

turist,  22(1)  :  14. 

Two-year-old    Snake   River  cutthroat   were 

treated  for  1  hour  with  PMA  at  a  concentration 

of  1 :  500,000  and  returned  to  rearing  tanks. 

The   treatment  was   repeated   the   next   day. 

Two  hours  after  the  second  treatment  they 


were  in  distress  and  mortality  was  24  percent 
after  24  hours. 

Brown,  brook,  rainbow,  and  cutthroat,  3  to 
18  inches  in  length,  were  then  given  the  same 
treatment,  the  larger  cutthroat  being  survivors 
from  the  first  test.  After  3  days,  the  lake, 
brown,  brook,  and  larger  cutthroat  showed  100 
percent  survival.  Cutthroat  fingerlings  suf- 
fered almost  25  percent  mortality. 
Hanzel,  Delano  A. 

1961.     The  distribution  of  the  cutthroat  trout 
(Salmo  clarki)  in  Montana.     Proceedings 
of    the    Montana    Academy    of    Sciences, 
19 :  32-71. 
A  study  was  made  to  determine  distribution 
and  relative  abundance  of  pure  cutthroat  trout 
stocks  in  Montana  and  to  secure  information 
on    factors    that    influence    distribution    and 
abundance.     Observations  were  also  made  on 
taxonomic  differences  between  strains  and  on 
the  prevalence  of  hybrids.     Barriers  in  rela- 
tion   to    cutthroat    distribution    were    noted. 
Exotic  fish  planted  above  barriers  were  pre- 
dominant.    Details  of  distribution  of  cutthroat 
and  other  fish  are  given  in  tabular  form  for 
hundreds  of  Montana  lakes  and  streams. 
Hartman,  Gordon  F. 

1956.  A  taxonomic  study  of  cutthroat  trout, 
Salmo  clarki  clarki  Richardson,  rainbow 
trout,  Salmo  gairdneri  Richardson,  and 
reciprocal  hybrids.  Master's  thesis,  Uni- 
versity of  British  Columbia.  71  pp. 
Reciprocal  hybrid  crosses  were  made  of  cut- 
throat  and  rainbow  trout,  and  the  eggs  were 
reared  under  similar  conditions  with  pure 
cutthroat  and  pure  rainbow  eggs.  Viability  of 
hybrid  crosses  was  compared  with  viability 
of  pure  strains,  and  sex  ratios  in  offspring 
were  studied.  Relative  growth  of  several 
head  and  body  parts  was  studied  in  the  four 
lots  of  fish.  Meristic  comparison,  counts  of 
teeth,  and  of  pyloric  caecae,  were  made. 
Coloration  was  studied  in  all  experimental  lots 
of  fish.  Hybrid  crosses  were  as  viable  as 
interspecific  crosses,  and  sex  ratios  did  not 
differ  significantly  from  those  expected.  Rela^ 
tive  growth  studies  showed  cutthroats  had 
larger  heads,  larger  head  parts,  and  deeper 
peduncles  than  rainbows.  Hybrids  were  usu- 
ally intermediate.  Rainbow  trout  had  higher 
scale,  ray,  and  vertebral  counts  than  cut- 
throats. Contrary  to  most  authorities,  scale 
counts  were  higher  on  rainbows  than  on  cut- 
throat. Dorsal  ray  counts  for  both  hybrid  lots 
resembled  rainbow  parents.  Vertebral  counts 
among  hybrids  tended  to  resemble  female 
parents.     No  marked  differences  were  found 


753-734  O— 64- 


-3 


14 


OLIVER    B.    COPE 


in  teeth  except  on  the  hyoid  bone.  Pyloric 
caeca  counts  were  similar  in  both  parental  lots. 
Coloration  on  rainbows  was  different  from  that 
on  cutthroats.  Hybrids  were  intermediate  in 
some  aspects  of  color,  and  in  others  they 
tended  to  resemble  one  parent.  Eight  samples 
of  wild  fish  were  examined,  and  several  fea- 
tures which  were  distinctive  in  the  hatchery 
fish  were  different  for  the  two  species  in  the 
wild. 

Hatton,  S.  Ross. 

1932.     The  fish  fauna  of  Utah  Lake.     Master's 
thesis,  Brigham  Young  University,  Provo, 
Utah.     64  pp. 
Synonymy,  description,  and  habits  of  Salmo 
Utah  are  given.     Historical  importance  of  this 
fish  in  Utah  Lake  is  discussed.     Gradual  dis- 
appearance of  the  species  from  the  Great  Basin 
is  described. 

Hazzard,  A.  S. 

1932.  Preliminary  report  of  a  biological  survey 
of  the  streams  and  lakes  of  Grand  Teton 
National  Park  and  Jackson  Lake,  Wyo- 
ming. Unpublished  report  to  the  U.S.  Bu- 
reau of  Fisheries.    94  pp. 

The  cutthroat  is  treated  at  some  length. 
Average  size  and  condition  factors  are  given 
for  many  waters.  Spawning  habits  and  dis- 
tribution are  described  for  Teton  area.  Aver- 
age condition  factor  for  all  lakes  was  1.345, 
and  for  all  streams,  1.328. 
Hazzard,  A.  S.,  and  M.  J.  Madsen. 

1933.  Studies  of  the  food  of  the  cutthroat  trout. 
Transactions  of  the  American  Fisheries 
Society,  63 :  198-207. 

Food  studies  of  8.  lewisi  from  Jackson  Lake, 
Wyo.,  Glacier  Park,  Mont.,  and  other  lakes  and 
streams  in  Teton  Park,  Wyo.,  were  conducted 
over  three  seasons.  Diet  of  smallest  finger- 
lings  is  diversified,  midges  being  most  impor- 
tant item.  Considerable  variation  in  diet  was 
seen  from  stream  to  stream  and  from  lake  to 
lake.  Change  in  diet  at  11 V2  inches  was  noted 
in  Jackson  Lake  fish  from  Crustacea  toward 
fish.  A  variety  of  fish  species  was  utilized. 
Large  (11%  to  14^  inches)  cutthroat  from 
Strawberry  Reservoir,  Utah,  had  only  midge 
larvae  and  pupae  in  their  stomachs.  Stomachs 
of  Salmo  gibbsii  from  Middle  Fork  of  Salmon 
River  in  Idaho  had  great  numbers  of  snails, 
with  fish,  fish  eggs,  caddis  flies,  and  stoneflies. 
Cutthroat  diets  are  similar  to  those  of  other 
trouts. 

Henshall,  James  A. 

1902.  Food  and  game  fishes  of  the  Rocky  Moun- 
tain region.  Transactions  of  the  Ameri- 
can Fisheries  Society,  31 :  74-88. 


Several  common  names  for  cutthroat  in  the 
Rocky  Mountain  region  are  given.     Distribu- 
tion and  habits  are  discussed. 
1906.     A  list  of  the  fishes  of  Montana.     Bulletin 
of   the   University   of  Montana,    No.   34, 
13  pp. 
Red-throat  trout  is  discussed  with  reference 
to  distribution,  color  patterns,  and  habits. 
Hildebrand,  Samuel  F.,  and  Irving  L.  Towers. 
1927.     Food    of    trout    in    Fish    Lake,    Utah. 
Ecology,  8(4)  :  389-399. 
Contents   of   181  stomachs   of  brook,   lake, 
rainbow,  and  cutthroat  trout  were  studied  with 
reference  to  physical  conditions  and  plant  and 
animal   life   of   Fish   Lake,    Utah.    Daphnia, 
amphipods,  insects,  and  Nostoc  colonies  were 
chief  organisms  found.     Lesser  numbers  of  fish 
eggs,    Pisidium,    snails,    and    certain    higher 
plants  were  found. 
Hochachka,  P.  W. 

1961.  Liver  glycogen  reserves  of  interacting 
resident  and  introduced  trout  populations. 
Journal  of  the  Fisheries  Research  Board 
of  Canada,  18(1)  :  125-135. 

Three  groups  of  trout,  two  introduced  popula- 
tions of  Salmo  gairdneri  and  a  resident  Salmo 
clarki,  were  studied  in  stream  sections.  Liver 
glycogen  deposits,  which  were  reduced  to  low 
levels  during  transportation  to  the  stream,  were 
restored  in  2  to  3  weeks  in  all  groups,  with 
recovery  rates  being  approximately  inverse  to 
the  population  density.  Within  the  hatchery 
groups,  larger  fish  laid  down  greater  glycogen 
stores.  Wild  trout  maintained  their  high 
glycogen  reserves  throughout  the  experiment. 

1963.     On  the  need  for  measuring  the  buffering 
capacity   of  fish   blood.     Journal   of  the 
Fisheries    Research    Board    of    Canada, 
20(3)  :  845-847. 
In  this  study  on  fish  blood  buffering  capac- 
ity, concentrations  of  hemoglobin  in  cutthroat 
and  rainbow  trout  from  the  wild  were  com- 
pared with  those  of  several  groups  of  hatchery 
rainbow.     Cutthroat   averaged   12.0  g.    hemo- 
globin per  ml.  of  blood  for  an  8-72  gram  group, 
and  11.3  for  a  72-154  gram  group.     Wild  rain- 
bow averaged  11.9  g.  for  an  18-80  gram  group. 
Hatchery-reared  fish  generally  averaged  lower 
values  than  those  for  wild  fish. 

Hochachka,  P.  W.,  and  A.  C.   Sinclair. 

1962.  Glycogen  stores  in  trout  tissues  before 
and  after  stream  planting.  Journal  of  the 
Fisheries  Research  Board  of  Canada,  19 
(1)  :  127-136. 

Changes  in  the  glycogen  reserves  of  epaxial 
and  heart  muscle  of  rainbow  trout  were  fol- 
lowed after  stream  planting.    Muscle  glycogen 
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recovered  quickly  in  large  fish,  more  slowly  in 
smaller  ones,  and  was  related  to  earlier  re- 
ported changes  in  liver  glycogen   and  blood 
lactic  acid.    Heart  glycogen  increased  initially, 
but  fell  again  shortly  after  feeding  became 
stabilized.     Muscle  glycogen  reserves  of  wild 
cutthroat  trout  were  lower  in  the  presence  of 
hatchery  fish  than  in  their  absence.    A  deple- 
tion of  some  metabolite,  such  as  glycogen,  in 
conjunction  with  an  increased  body  demand 
due  to  raised  basal  metabolism  was  suggested 
as  a  factor  in  delayed  mortality. 
Holmes,  W.  N.,  and  Gael  H.  Stott. 
1960a.     Studies  of  the  respiration  rates  of  ex- 
cretory  tissues   in   the   cutthroat   trout 
(Salmo   clarki   clarki).     I.    Variations 
with  body  weight.     Physiological  Zool- 
ogy, 33(1)  :9-14. 

Oxygen  consumptions  of  kidney  and  gill  tis- 
sues of  cutthroat  trout  (Salmo  clarki  clarki) 
were  examined  in  relation  to  body  weight.  A 
decline  in  weight  specific  oxygen  consumption 
with  increase  in  body  weight  for  both  tissues 
was  observed  (kidney  —0.148,  gill  —0.139). 
This  decline  was  not  significantly  different  for 
the  two  tissues. 

The  regression  coefficients  of  Q02  values  for 
kidney  and  gill  tissue   (—0.148  and  —0.139) 
were  statistically  compared  to   a  theoretical 
value  of  —0.27,  which  would  correspond  to  the 
0.73  rule.     Such  comparison  showed  a  highly 
significant  difference  (p  0.005,  0.001),  indicat- 
ing that  the  decline  in  metabolism  of  these  tis- 
sues with  increasing  body  weight  is  not  ac- 
cording to  the  0.73  rule. 
1960b.     Studies  of  the  respiration  rates  of  excre- 
tory tissues  in  the  cutthroat  trout  (Salmo 
clarki   clarki).     Physiological   Zoology, 
33(1)  :  15-20. 

Cutthroat  trout  (Salmo  clarki  clarki)  were 
transferred  from  fresh  water  to  65-percent 
standard  sea  water.  The  oxygen  consumptions 
of  kidney  and  gill  tissues  were  examined  dur- 
ing a  168-hour  period  after  transfer. 

A  sharp  initial  rise  in  Q02  of  kidney  tissue 
was  noted  during  the  first  48  hours  after 
transfer,  reaching  a  maximum  at  20  hours. 
The  tissue  respiration  during  the  rest  of  the 
experimental  period  remained  significantly 
higher  than  the  parallel  control  level. 

The  gill-tissue  respiration  declined  rapidly 
during  the  first  10  hours  after  transfer  and 
remained  significantly  below  the  control  level 
for  the  whole  experimental  period. 

The  results  are  discussed  in  relation  to  re- 
cent observations  concerning  possible  hormonal 
regulation  in  euryhaline  species  of  salmonoids. 


Huey,  William  S. 

1956.  New  Mexico  beaver  management.  New 
Mexico  Department  of  Game  and  Fish, 
Bulletin  No.  4.  49  pp. 
During  summer  of  1955,  studies  were  con- 
ducted to  determine  beaver-trout  relations. 
Two  inventories  were  made  in  each  of  six 
experimental  sections  of  upper  Red  River  in 
Taos  County.  Three  of  these  contained  beaver 
ponds  and  three  did  not.  Each  section  had 
50  yards  of  stream.  Cutthroat,  brook,  and 
rainbow  trout  and  white  suckers  were  in  the 
experimental  area.  Average  trout  population 
in  beaver  sections  was  154  in  June  and  180 
in  August,  as  opposed  to  33  in  June  and  47  in 
August  for  nonbeaver  sections.  Trout  from 
beaver  ponds  were  slightly  larger  than  those 
from  nonbeaver  sections.  Food  production 
was  significantly  higher  in  beaver  sections  and 
trout  growth  appeared  to  be  faster  in  these 
sections. 

Huey,  William  S.,  and  William  H.  Wolfrum. 

1956.  Beaver-trout  relations  in  New  Mexico. 
Progressive  Fish-Culturist,  18(2):  70-74. 
Effect  of  beaver  activity  on  trout  production 
in  Red  River,  N.  Mex.,  was  studied.  Cutthroat, 
rainbow,  and  brook  trout  were  present;  cut- 
throat and  brook  amounted  to  98-99  percent 
of  the  trout. 

Production  was  increased  in  beaver  ponds. 
Ponds  produced  more  trout  than  undisturbed 
stream  areas,  and  growth  was  faster.  Cut- 
throat were  apparently  not  prevented  from 
spawning  because  of  beaver  activity. 

Idyll,  Clarence. 

1942.  Food  of  rainbow,  cutthroat,  and  brown 
trout  in  the  Cowichan  River  System,  B.C. 
Journal  of  the  Fisheries  Research  Board 
of  Canada,  5(5)  :  448-458. 
Stomach  contents  of  293  rainbow,  160  cut- 
throat, and  113  brown  trout  were  examined 
and  analyzed  according  to  species,  size  groups 
(5  cm.),  and  habitat  (river  or  lake).  For 
rainbows  of  both  river  and  lake  (4  to  50  cm.  in 
length),  insects,  chiefly  Trichoptera  and  Siniu- 
liidae,  were  predominant  in  all  size  groups. 
Fish  constituted  a  small  fraction  of  the  food 
except  in  winter  when  salmon  eggs  were  avail- 
able. River  cutthroat  subsisted  chiefly  on  in- 
sects (Trichoptera)  up  to  15  cm.,  on  insects 
and  fish  (Gasterosteus)  up  to  30  cm.,  there- 
after largely  on  fish.  Lake  cutthroat  did  not 
eat  fish  in  any  number  until  41  cm.  long. 
Brown  trout  ate  chiefly  insects  (Trichoptera) 
up  to  45.5  cm.,  thereafter  turning  more  defi- 
nitely to  a  fish    (salmonid)   diet.     Cutthroat 
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were  more  piscivorous  than  brown  trout.    Defi- 
nite   selection    of    food    by    the    trout    was 
indicated. 
Irving,  Robert  B. 

1953.     Ecology   of   the   cutthroat   trout,    Salmo 
olarkii  Richardson,  in  Henrys  Lake,  Idaho. 
Master's  thesis,  Utah  State  Agricultural 
College.    101  pp. 
Cutthroat   trout   of   several   stocks   live   in 
Henrys  Lake  with  rainbow  and  brook  trouts, 
whitefish,    bullhead,    and    silverside    minnow. 
Limnological  data  suggest  high  productivity. 
Growth  is  rapid,   and  body-scale   relation   is 
21.59  mm. +6.879  Si  +0.03874  Si2.    Only  2  per- 
cent of  cutthroat  reach  5  years  of  age ;  2  per- 
cent of  rainbow  and  cutthroat  hybrids  reach 
7  years  of  age.    Length-weight  relation  of  cut- 
throat   is    Log    W=—  4.6353+2.9529    Log    L. 
Average    female    cutthroat    has    2,703    eggs. 
Average  total  length  of  spawners  is  18.5  inches 
for  male  and  19  inches  for  female.     Sex  ratio 
in  1951  was  96  males  to  100  females. 

Potential  harvest  is  estimated  at  89.2  pounds 
per  surface  acre.  In  1951  the  lake  yielded  5.1 
pounds  per  surface  acre.  Cutthroat  in  the  creel 
averaged  2.5  pounds. 
1956.  Ecology  of  the  cutthroat  trout  in  Henrys 
Lake,  Idaho.  Transactions  of  the  Amer- 
ican Fisheries  Society,  84 :  275-296. 
Henrys  Lake  in  eastern  Idaho  is  a  shallow, 
fertile  lake,  with  an  estimated  606  pounds  of 
bottom  and  plant-inhabiting  fauna  in  1951. 
Salmo  clarki,  Cottus  bairdi  semiscaber,  and 
Prosopium  williamsoni  are  the  native  fish ; 
Salmo  gairdneri,  Salvelinus  fontinalis,  and 
Richardsonius  balteatus  hydrophlox  are  in- 
troduced species.  Rainbow-cutthroat  hybrids 
were  rare  in  the  catch.  Body  scale  relation  in 
cutthroat  was  L=21.59+6.879  #+0.03874  R2. 
Male  cutthroat  in  1951  matured  at  ages  II  and 
III,  females  at  ages  III  and  IV.  Severe  mor- 
tality subsequent  to  spawning  is  reported  for 
1951.  Variation  in  growth  is  attributed  to  dif- 
ferences between  time  spent  in  streams  and  in 
the  lake,  seasonal  variation  of  environmental 
conditions,  and  different  ages  at  maturity. 
Rates  of  female  to  male  cutthroat  in  catch 
decreased  with  age  and  progress  of  season. 
Ninety  percent  by  number  and  74  percent  by 
volume  of  food  were  midges,  shrimp,  and 
damsel  flies.  Pathogenic  bacteria  infected 
mature  fish  in  1950,  1951,  and  1952  spawning 
migrations.  Asphyxiation  was  cause  of  mor- 
talities at  mouths  of  streams  in  January  1952. 
The  population  is  short  lived  owing  to  disease, 
asphyxiation,  predation,  angling,  and  spawn- 
ing mortality. 


Jeppson,  Paul  W.,  and  William  S.  Platts. 

1959.  Ecology  and  control  of  the  Columbia 
squawfish  in  northern  Idaho  lakes. 
Transactions  of  the  American  Fisheries 
Society,  88(3)  :  197-202. 
Columbia  squawfish,  Ptychocheilus  oregonen- 
sis,  and  trout  were  found  to  occupy  similar 
niches,  resulting  in  competition  for  food  and 
space,  and  predation  on  each  other.  Mature 
squawfish  are  piscivorous,  with  food  habits 
similar  to  Dolly  Varden,  Salvelinus  malma, 
rainbow  trout,  Salmo  gairdneri,  and  brown 
bullhead,  Ictalurus  nebulosus.  Age  and  growth 
data  are  presented ;  in  northern  Idaho  lakes 
a  13-year-old  female  squawfish  attains  a  maxi- 
mum weight  of  approximately  9  pounds. 
Males  grow  slower,  averaging  less  than  one- 
half  the  size  of  the  females.  Spawning  by  lake 
populations  occurs  in  lakes  and  streams.  Lake 
spawning  is  in  schools  during  late  May  and 
early  June  over  wave-washed  rubble  on  clear, 
calm  days.  The  number  of  eggs  in  mature 
females  varies  from  12,000  to  100,000,  averag- 
ing 40,000.  Eggs  hatch  in  7  to  8  days.  In  6 
years  of  squawfish  control  in  3,800-acre  Hay- 
den  Lake  by  dynamiting  and  gill  netting 
spawning  schools,  mature  squawfish  were  re- 
duced to  about  one-tenth  of  their  original 
abundance  and  an  increase  in  trout  was  noted. 
Food  habits  of  cutthroat  trout  are  presented 
in  tables. 

Johnson,  A.  K. 

1961.     Ichthyophthiriasis     in     a     recirculating 
closed-water  hatchery.     Progressive  Fish- 
Culturist,  23(4)  :  70-82. 
Cutthroat    and    other    salmonids    were   in- 
fested  with   Ichthyopthiriasis    at    the    Hum- 
boldt  State   College   hatchery   in   1958.     The 
pathogen    was    apparently    introduced    from 
other  stations.     Some  parasites  were  not  stop- 
ped by  filters.     Treatment  with  salt  and  mala- 
chite   green    brought    the    infestation    under 
control. 

Johnson,  Harlan  E.,  and  Richard  F.  Brice. 

1952.     Observations  on  columnaris  in  salmon  and 
trout.    Progressive  Fish-Culturist,  14(3)  : 
104-109. 
Salmonids  were  reared  in  water  from  three 
levels    in   Dorena   Reservoir   in   Oregon.     No 
lesions  of  columnaris  disease  were  seen  in  any 
fish  in   water  from   the  lowest  level,   where 
the   water   was   coolest.     Columnaris    lesions 
were  observed  in  cutthroat  and  rainbow  trout 
and  king  salmon,  but  not  in  silver  salmon,  in 
water  that  was  near  60°  most  of  the  summer. 
Columnaris  caused  high  mortalities  in  all  sal- 
mon and  trout  reared  in  water  from  the  high 
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level,  where  temperatures  were  above  65°  all 
summer. 

Sulfamerazine  in  the  diet  was  beneficial  to 
silver  salmon  and  rainbow  trout,  but  not  to 
king  salmon  or  cutthroat  trout. 
1953.     Further   observations   on    columnaris   in 
salmon  and  trout.     Progressive  Fish-Cul- 
turist,15(4)  :  183-185. 
Columnaris  in  salmon  and  trout  was  studied 
at   Cottage   Grove,   Oregon.     Cutthroat   trout 
reared  in  hatchery  troughs  suffered  mortality 
from  columnaris  in  water  above  65°  F;  sul- 
famerazine  fed    10   to   13   weeks   effectively 
controlled  the  disease. 
Jordan,  David  Starr. 

1890.     The  fishes  of  the  Yellowstone  Park.     Zoe, 
1(2)  :  38-40. 
Discussion  of  native  fishes  of  Yellowstone 
Park.     Describes   historical  geology   of  area 
and  suggests  that  Salmo  mykiss  entered  Yel- 
lowstone Lake  and  River  from  Pacific  Creek 
in  Snake  River  drainage. 
1891a.    Report  of  explorations  in  Colorado  and 
Utah  during  the  summer  of  1889,  with 
an  account  of  the  fishes  found  in  each  of 
the  river  basins  examined.     Bulletin  of 
the  U.S.  Fish  Commission,  9:1-40. 
Discussions  of  distribution,  appearance,  and 
biology    of   &.    m.    macdonaldi,    yellow-finned 
trout ;  8.  m.  stomdas,  green-backed  trout ;  8.  m. 
clarki,  cutthroat  trout ;  8.  m.  pleuriticus,  Colo- 
rado River  trout ;  8.  m.  spilurus,  trout  of  the 
Rio  Grande ;  8.  m.  virginalis,  trout  of  Utah 
Lake;   8.  m.  bouvieri,  Waha  Lake  trout;   8. 
m.  henshawi,  Lake  Tahoe  trout;  8.  m.  lewisi, 
trout  of  the  Upper  Missouri. 
1891b.     A   reconnaissance   of   the   streams   and 
lakes  of  the  Yellowstone  National  Park, 
Wyoming,  in  the  interest  of  the  United 
States  Fish  Commission.    Bulletin  of  the 
U.S.  Fish  Commission,  9 :  41-63. 
Discusses    distribution    of    each    drainage. 
Much   detail   is    given   on   distribution   of   8. 
mykiss  and  infestation  by  Dibothriwm  worms. 
Classified  list  of  waters  suitable  for  8.  mykiss 
is  presented. 
1907.     The  trout  and  salmon  of  the  Pacific  Coast. 
State  Board  Fish  Commission  of  Califor- 
nia, Report  (1905-1906)  :  77-92. 
Describes  discovery  of  cutthroat  in  Oregon 
by  Clark.     Movements  of  trout  species  in  north- 
ern hemisphere  are  described ;  movement  of 
cutthroat  from  Alaska   southward  is  traced. 
Color  patterns  are  given.     Tahoe  trout   and 
Crescent  trout  are  treated  separately. 
1920.     The  trout  of  the  Rio  Grande.     Oopeia,  No. 
85.     pp.  72-73. 


Nomenclature    of    cutthroat    is    discussed. 
Salmo  virginalis  is  the  Rio  Grande  trout,  and 
8.  utah  is  the  Bonneville  Basin  trout. 
1928.     The    distribution    of   fresh-water    fishes. 
Annual  Report  of  the  Smithsonian  Insti- 
tution for  1927.     pp.  355-385, 
Principles  of  zoogeography  are  discussed,  in- 
cluding   methods    of    distribution    of    fishes. 
Geographic  barriers  throughout  world  are  de- 
scribed, with  their  influence  on  groups  of  fishes. 
Dispersal  of  fresh-water  fishes  is  discussed  in 
general  terms  and  movement  of  cutthroat  over 
Two-Ocean  Pass  in  Wyoming  is  treated  in  de- 
tail.    Speciation  in  cutthroat  in  Great  Basin  is 
described. 
Jordan,    David    Starr,    and   H.    W.    Henshaw. 
1879.     Report  upon  the  fishes  collected  during 
the  years,  1875,  1876,  and  1877,  in  Cali- 
fornia and  Nevada.     Report  of  the  Chief 
of  Engineers,  Part  3,  Appendix  NN,  Ap- 
pendix    K,     pp.     1609-1622.     Executive 
Documents,  3d  Sess.,  45th  Cong.,  1878-79, 
vol.  5. 
Contains  detailed  descriptions  of  8.  tsuppitch 
Richardson  (black  trout),  8.  henshawi  Gill  & 
Jordan  (silver  trout),  and  8.  pleuritious  Cope 
(Rio  Grande  trout),  with  notes  on  distribu- 
tion and  biologies. 
Jordan,  David  Starr,  and  Barton  W.  Evermann. 
1902,  1934.     American    food    and    game    fishes. 
Pp.   175-179.     Country  Life  Press, 
Garden  City,  N.Y. 
Keys  to  species  of  cutthroat  are  given.     Dis- 
cussion of  distribution,  biology,  and  habits  of 
8.   clarki,  8.  lewisi,  8.  gibbsii,  8.  henshawi, 
8.  tahoensis,  8.  utah,  S.  jordani,  8.  bathoecetor, 
8.  declivifrons,  8.  virginalis,  8.  pleuriticus,  8. 
bouvieri,    8.    stomias,    and   8.   macdonaldi   is 
presented. 

JUDAY,  CHAUNCEY. 

1907a.     Notes   on   Lake   Tahoe,    its   trout   and 
trout-fishing.     Bulletin  of  the  U.S.  Bu- 
reau of  Fisheries,  26  :  133-146. 
Description  of  Lake  Tahoe,  its  vegetation, 
and  its  plankton  is  given.    Account  of  Salmo 
henshawi   (Lake  Tahoe  trout,  Truckee  trout, 
pogy,  and  snipe)  and  Salmo  tahoensis  (silver 
trout)  is  presented.    Gives  distribution,  breed- 
ing habits,   hatchery  operation,  food   habits, 
angling  methods,  shipments  of  trout  from  the 
lake,  and  their  commercial  value   ($6,819  in 
1906). 
1907b.     A  study  of  Twin  Lakes,  Colorado,  with 
especial  consideration  of  the  food  of  the 
trouts.     Bulletin  of  the  U.S.  Bureau  of 
Fisheries,  26 :  147-178. 
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Describes  physical  characteristics  of  the 
lakes,  aquatic  vegetation,  plankton,  and  fishes, 
including  Salmo  macdonaldi  (yellow-fin  trout) 
and  Salmo  stomias  (green-back  trout).  Im- 
portance of  study  of  fish  food  is  discussed,  and 
details  of  analyses  of  fish  stomachs  are  given. 
8.  stomias  stomachs  contained  fish  remains, 
insects,  crustaceans,  and  vegetable  fragments. 
Importance  of  plankton  Crustacea  as  fish  food 
is  discussed  at  length. 
Kem merer,   George,   J.   R.   Bovard,  and  W.   R. 

Boorman. 
1924.     Northwestern  lakes  of  the  United  States ; 
biological  and  chemical  studies  -with  ref- 
erence  to   possibilities  in   production   of 
fish.    Bulletin  of  the  U.S.  Bureau  of  Fish- 
eries, 49 :  51-140. 
Physical  and  biological  surveys  were  made 
in  many  northwestern  lakes  for  comparisons 
with  each  other  and  with  Wisconsin  lakes,  and 
to  determine  suitability  for  trout.     Cutthroat 
trout  found  in  Bear  Lake,  Henrys  Lake,  Coeur 
d'Alene   Lake,    Hayden   Lake,   Payette   Lake, 
Pend  Orielle  Lake,   Priest   Lake,   and    Spirit 
Lake,    (all  in  Idaho).     Food  habits  are  dis- 
cussed. 
Kendall,  W.  C. 

1915.     The  fishes  of  the   Yellowstone   National 
Park.     Report  of  the  U.S.  Commissioner 
of  Fisheries  for  1914,  App.  8.     pp.  1-28. 
Fishing  for  cutthroat  and  other  species  is 
described   for   major   waters    of    Yellowstone 
Park.    Tapeworm  parasite  of  cutthroat  of  Yel- 
lowstone is  discussed.    Detailed  distribution  of 
cutthroat  is  given  for  Yellowstone  Park.    Dis- 
tribution from  hatchery  is  listed. 
1920.     What   are  rainbow   trout  and   steelhead 
trout?     Transactions    of   the   American 
Fisheries  Society,  50 :  187-199. 
The  difficulty  in  classifying  Salmo  mykiss  is 
discussed.      Connections    between   Asian   and 
North  American  cutthroat  are  described.    The 
identities  of  resident  rainbow  and  steelhead 
are  discussed. 
Laakso,  Martin. 

1955.     Variability  in  scales  of  cutthroat  trout 
in  mountain  lakes.     Proceedings  of  the 
Utah  Academy  of  Science,  Arts,  and  Let- 
ters, 32 :  81-87. 
Some  cutthroat  trout  in  mountain  lakes  fail 
to  establish  a  year  mark  during  first  year  of 
life  and  have  scales  designated  as  "retarded." 
Fry  which  are  more  advanced  in  their  first  fall 
have  year  marks  corresponding  to  each  year 
of  life  and  are  called  "normal."    Frequency  of 
normal  scales  was  found  to  be  closely  cor- 
related (r.=.79)  with  growth  index  (quotient 


of  mean  length  divided  by  mean  age  for  each 
sample )  in  total  of  12  areas. 
1956.     Body-scale   regressions   in   juvenile    cut- 
throat from  Yellowstone  Lake.     Proceed- 
ings  of   the   Utah   Academy   of    Science, 
Arts,  and  Letters,  33 :  107-111. 
The  body-scale  regressions  of  juvenile  cut- 
throat trout  from  different  areas  in  Yellow- 
stone Lake  showed  significant  differences  in 
slope.    Curves  plotted  for  fingerlings  captured 
near  the  outlet  of  Yellowstone  Lake  exhibited 
steeper  slopes,  showing  that  scale  growth  was 
relatively  faster  than  in  fish  collected  along 
the  lakeshore  and  in  two  small  tributaries. 
Laakso,  Martin,  and  Oliver  B.  Cope. 
1956.     Age   determination   in    the    Yellowstone 
cutthroat    trout    by    the    scale    method. 
Journal  of  Wildlife  Management,  20(2)  : 
138-153. 
Fishery  studies  on  cutthroat  trout  in  Yellow- 
stone Lake  have   required  investigation  into 
technique  of  age  determination.     Scales  exhibit 
growth  characteristics  different  from  those  of 
same  species  in  other  waters  at  lower  alti- 
tudes.    Present  studies  have  centered  around 
identification  of  scales  on  which  first  annulus 
failed  to  form. 

Cutthroat  trout  in  Yellowstone  Lake  ascend 
spawning  streams  from  May  to  late  July.  Fry 
emerge  from  late  June  to  early  September. 
Scale  formation  is  initiated  when  fish  are  41 
to  44  millimeters  in  length.  Late-hatched  fry 
may  not  attain  this  length  before  interruption 
of  growth  in  October,  and  thus  may  overwinter 
without  scales  or  with  only  a  few  small  scales. 
As  a  result,  three  developmental  types  of  fry 
occur  in  the  population  :( 1 )  fry  overwintering 
in  a  fully  scaled  state;  (2)  fry  passing  the 
winter  partially  scaled;  and  (3)  fry  over- 
wintering without  scales. 

Annulus  development  after  first  growing 
season  occurred  on  scales  of  fingerlings  whose 
scale  growth  had  reached  4-circulus  stage. 
Late-hatched  fry  with  rudimentary  scales 
failed  to  establish  a  year  mark  during  their 
first  fall  and  winter  period.  These  fish  with 
"retarded"  scales  exhibit  annulus  formation 
following  their  second  growing  season.  Term 
"retarded  scale"  is  proposed  to  designate  a 
scale  that  does  not  exhibit  an  annulus  after 
first  growing  season,  and  "normal"  is  applied 
to  a  scale  that  did  establish  a  year  mark  after 
one  season's  growth.  Structural  criteria  have 
been  established  for  identification  of  the  two 
types  of  scale  development.  Bases  for  differ- 
entiating the  types  are  (1)  numbers  of  circuli 
before  first  annulus,  (2)  size  of  focus,  or  first 
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circulus,  and    (3)    shape  and  density  of  first 
one  or  two  circuli. 

Annulus  formation  begins  before  May  1  and 
is  usually  complete  by  middle  of  June. 
Spawners  appear  to  initiate  scale  growth  be- 
fore nonspawners. 

Fingerlings  taken  late  in  season  and  pre- 
sumed to  be  in  first  year  of  life  included  35 
percent  fully  scaled  individuals,  unsealed  com- 
prised 22  percent,  partially  scaled  made  up  42.7 
percent.  Adults  sampled  from  1951,  1952,  and 
1953  fisheries  averaged  40  percent  normal. 
Land,  S.  E. 

1913.     The  black-spotted  mountain  trout.    Trans- 
actions of  the  American  Fisheries  Society, 
42 :  183-198. 
Salmo  stomias  Cope  and  Salmo  spilurus  Cope 
are  discussed  as  to  distribution  and  handling. 
Leach,  Glen  C. 

1923.     Artificial  propagation  of  brook  trout  and 
rainbow  trout,  with  notes  on  three  other 
species.     Report  of  the  U.S.  Comissioner 
of  Fisheries  for  1923,  App.  6.     pp.  1-74. 
Describes  places  where  cutthroat  trout  have 
been  cultured.     Spawning  season,  growth,  and 
egg  production  are  noted.     Quotes  articles  re- 
lating to  biology  of  this  species.     Tapeworm 
parasite  at  Yellowstone  is  discussed. 
Linton,  Edwin. 

1891a.     On  two  species  of  larval  dibothria  from 
Yellowstone  National  Park.     Bulletin  of 
the  U.S.  Fish  Commission,  9:65-79. 
A  collection  of  Salmo  mykiss  and  suckers 
from   Yellowstone    Park    were   examined   for 
parasites.     Larval  cestodes  were  found  in  both 
fishes.     Detailed  descriptions  of  anatomies  of 
the  tapeworms  are  given,  and  figures  are  pre- 
sented.    Dibothrium    cordiceps    Leidy    is    the 
worm  found  in  the  cutthroat. 
1891b.     A   contribution    to    the   life   history   of 
Dibothrium  cordiceps  Leidy,  a  parasite 
infesting  the  trout  of  Yellowstone  Lake. 
Bulletin  of  the  U.S.  Fish  Commission, 
9 :  337-358. 
Discussions  of  larval  and  adult  stages  of 
D.   cordiceps  from  Salmo  mykiss  in  various 
waters  of  the  Yellowstone  and  an  account  of 
distribution  and  anatomy  and  of  pelican  hosts. 
Author  accounts  for  abundance  of  parasitized 
trout  in  Yellowstone  Lake  and  migration  of 
parasite  into  muscular  tissue  of  its  host. 
1893.     On    fish   entozoa   from    Yellowstone   Na- 
tional Park.     Report  of  the  U.S.  Commis- 
sioner of  Fisheries  17 :  545-564. 
This  paper  treats  all  internal  parasites  found 
in  a  collection  of  trout,  suckers,  and  chubs 
from      Yellowstone      Park.     Parasites     from 


Salmo  mykiss  were  :  tapeworm  Dibothrium  cor- 
diceps Leidy,  fluke  Distomum  laureatum  Zeder, 
acanthocephalan  Echinorhynchus  globosus 
Rud,  and  nematode  Dacnitis  globosa  Dujardin. 
Details  of  life  history  and  biology  are  given 
for  some  of  these  parasites. 
Locke,  S.  B. 

1929.  Whitefish,  grayling,  trout,  and  salmon  of 
the  intermountain  region.  Report  of  the 
U.S.  Commissioner  of  Fisheries  for  1929, 
App.  5.     pp.  173-190. 

Identification  and  description  of  salmonids 
in    intermountain    region    are    treated.     Cut- 
throat is  discussed  in  the  various  forms  re- 
ported for  drainages  in  this  region. 
Lord,  Russell  F. 

1930.  Rearing  a  brood  stock  of  blackspotted 
trout.  Transactions  of  the  American 
Fisheries  Society,  60 :  164-166. 

Sources  of  blackspotted  trout  eggs  are  suffer- 
ing a  decline  in  abundance,  and  it  seems  neces- 
sary to  rear  new  brood  stocks  of  this  species. 
Attempts  in  1920-22  at  Springville,  Utah,  were 
unsatisfactory.  Experiments  at  Pittsford,  Vt., 
beginning  in  1926,  resulted  in  an  egg  take  of 
115,000  eggs  in  1930.  An  8.6-percent  loss  was 
suffered  up  to  the  eyed  stage.  Shipments  were 
made,  and  fry  were  feeding  nicely  at  latest 
report. 
Madsen,  David  H. 

1936.     Protection  of  native  fishes  in  the  National 
Parks.     Transactions    of    the    American 
Fisheries  Society,  66  :  395-397, 
Planting  policies  in  national  parks  are  dis- 
cussed,   and   rainbow-cutthroat   hybridization 
through  planting  is  described.     Importance  of 
this   trend   in   Rocky   Mountains   is   stressed. 
Policy  for  management  of  cutthroat  and  other 
native  species  in  national  parks  is  presented. 
Madsen,  M.  J. 

1940.     Report  on  age  and  growth  of  the  cut- 
throat trout    (Salmo   lewisi)    of  Yellow- 
stone Lake,  Wyoming.     Unpublished  re- 
port of  the  U.S.  Fish  and  Wildlife  Service. 
12  pp. 
Studies  on  scales  collected  from  Yellowstone 
Lake  in  1938  and  1939  showed  age  group  III 
to  dominate  the  fishery,  followed  by  age  groups 
IV,  II,  and  V.     Sexes  in  catch  were  54.8  per- 
cent males  and  45.2  percent  females  in  1938; 
in  1939,  percentages  were  67.4  and  32.6,   re- 
spectively. 

Condition  factors  were  calculated  as  1.2271 
for  1938  and  1.3027  for  1939.    Condition  factors 
for  males  were  higher  than  for  females. 
Weight-length  relations  are  presented. 
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Observations  on  parasitism  by  tapeworms 
were  made,  showing  that  in  1938,  31.8  percent 
of  the  fish  examined  were  parasitized ;  in  1939 
the  percentage  was  45.7.  Parasitized  fish  had 
lower  condition  factors  than  did  nonparasitized 
ones. 
Mason,  James  E. 

1953.     The    distribution    of    four    anadromous 
members  of  the  genus  Salmo  in  the  north- 
ern   hemisphere.     Progressive    Fish-Cul- 
turist,  15(2)  :  51-56. 
Salmo  clarki  clarki  is  one  of  the  four  an- 
.idromous    members     of    the    genus     Salmo. 
Spawning  and  migration  times  are  discussed. 
Cutthroat   range   in   colder   waters   than   the 
other  species.     Air  and  sea  surface  tempera- 
tures are  used  as  indexes  of  the  environments. 
Maps  of  distributions  and  temperature  tables 
are  presented. 
McConnell,  William  J.,  William  J.  Clark,  and 

William  F.  Sigler. 
1957.     Bear   Lake,   its  fish   and   fishing.     Utah 
Department  of  Fish  and  Game,  Idaho  De- 
partment  of    Fish   and    Game,    Wildlife 
Management  Department,  Utah  State  Ag- 
ricultural College.    76  pp. 
The   cutthroat   is   one   of   three   important 
game  fish  of  Bear  Lake.    Methods  of  catching 
cutthroat  are  discussed,  as  well  as  importance 
of    cutthroat    in    the    fishery.     Gill    netting 
showed  cutthroat  to  be  most  abundant  between 
shore   and   75-foot   contour   throughout   year. 
Life   history   of   cutthroat   in    Bear   Lake   is 
treated,  and  calculated  total  lengths  to  sev- 
enth  year   are   given.     Creel   census   showed 
that  900  to  1,000  cutthroat  were  caught  annu- 
ally from  1953  to  1956.     History  of  planting 
cutthroat  in  Bear  Lake  is  given.    Length  fre- 
quencies of  cutthroat  taken  in  creel  are  fig- 
ured.    It  is  concluded  that  present  cutthroat 
population  is  only  slightly  exploited,  and  that 
if   population   density   were   increased,   shore 
fishermen  would  probably  not  enjoy  greatly 
increased  success. 
Merriman,  Daniel. 

1935.     The  effect  of  temperature  on  the  devel- 
opment of  the  eggs  and  larvae  of  the  cut- 
throat trout  (Salmo  clarkii  clarkii  Rich- 
ardson).    Journal  of  Experimental  Biol- 
ogy, 12(4)  :  297^305. 
Eggs  of  coastal  cutthroat  were  raised  from 
fertilization    through    hatching    at    constant 
temperatures  of  11.3°,  8.25°,  and  6.35°  C.    Tem- 
perature is  not  limiting  factor  in  determining 
length  of  hatching  period.     Average  size  of 
cutthroat  embryos  at  hatching  was  smaller  at 
higher  temperatures  and  larger  at  lower  tem- 


peratures. Maximum  increment  of  growth  oc- 
curred about  41st  day  at  8.25°  C.  and  about 
28th  day  at  11.3°  C.  Percentage  of  dry  weight 
of  cutthroat  embryos  showed  a  steady  de- 
crease from  about  25  to  14  percent,  while  that 
of  yolks  showed  an  increase  from  about  46  to 
55  percent.  Embryos  absorbed  water  from  the 
yolk,  and  at  a  faster  rate  from  the  environ- 
ment, both  before  and  after  hatching. 
Miller,  Richard  B. 

1952.  Survival  of  hatchery-reared  cutthroat 
trout  in  an  Alberta  stream.  Transactions 
of  the  American  Fisheries  Society, 
81 :  35-42. 
Gorge  Creek,  typical  small  mountain  trout 
stream  in  southwestern  Alberta,  was  divided 
by  fish-tight  screens  into  two  sections,  each 
about  three-quarters  of  a  mile  in  length.  The 
number  of  native  trout  in  these  was  deter- 
mined by  marking  and  recapture.  One  sec- 
tion was  left  as  a  control.  Into  the  other,  199 
3-year-old  and  201  2-year-old  hatchery-reared 
cutthroat  trout  were  liberated.  Each  of  the 
planted  trout  was  weighed  and  given  a  num- 
bered Petersen  tag  before  planting.  Fish  that 
died  were  removed  daily  and  weighed.  Daily 
angling  was  carried  on  to  recapture,  weigh, 
and  again  release  as  many  as  possible.  One- 
third  of  the  3-year-old  fish  died,  mainly  in  the 
first  2  weeks  following  planting.  All  lost 
weight  for  40  days,  apparently  through  in- 
ability to  compete  with  the  native  population. 
By  fall  (about  100  days  after  planting)  the 
survivors  had  regained  their  planted  weights. 
All,  or  nearly  all,  of  the  2-year-old  fish  died, 
apparently  from  a  combination  of  shock  and 
starvation.  Native  trout  in  experimental  sec- 
tion gained  weight  all  summer,  and  by  fall 
were  in  as  good  condition  as  native  trout  in 
control  section. 

Plans  for  planting  hatchery-reared  trout  in 
sections  of  stream  free  of  native  trout  and  for 
transplanting  native  trout  into  sections  con- 
taining native  trout  are  described. 
1954a.     Movements  of  cutthroat  trout  after  dif- 
ferent periods  of  retention  upstream  and 
downstream  from  their  homes.     Journal 
of    the    Fisheries    Research    Board    of 
Canada,  11(5)  :  550-558. 
A   homing   experiment   of   cutthroat   trout 
(Salmo  clarki)  was  carried  out  in  Gorge  Creek, 
a  small  trout  stream  more  or  less  typical  of 
streams  of  eastern  slopes  of  Rocky  Mountains 
in  Alberta.     A  half-mile  portion  of  the  stream 
was  screened  off  and,  into  the  enclosure  thus 
formed,  105  trout  were  transferred  from  above 
and  104  from  below.     Each  of  these  was  given 
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a  numbered  tag  and  the  home  locality  was 
recorded.  Transfers  were  made  from  June  24 
to  August  13.  On  August  15  the  screens  were 
removed;  September  3  to  5,  most  of  the  ex- 
perimental area  was  poisoned  with  Fish  Tox 
and  the  localities  of  tagged  fish  recorded.  It 
was  found  that  most  of  the  trout  that  had  been 
confined  for  30  or  more  days  remained  in  the 
enclosure  area,  i.e.,  they  had  adjusted  to  new 
homes.  Exceptions  appear  to  be  result  of  ran- 
dom movements.  Trout  of  upstream  origin, 
confined  for  less  than  30  days,  move  toward 
their  original  home  territory.  Trout  of  down- 
stream origin,  confined  for  less  than  30  days, 
show  very  much  less  ability  to  move  toward 
or  to  find  their  homes.  Hypothesis  is  that 
trout  are  guided  by  smell  in  finding  home. 

A  few  observations  on  size  of  home  territory 

suggest  that  it  is  small,  perhaps  not  more  than 

20  yards  of  stream.     Trout  may  inhabit  same 

area  of  stream  for  at  least  3  years. 

1954b.     Comparative     survival     of     wild     and 

hatchery-reared    cutthroat    trout    in    a 

stream.     Transactions  of  the  American 

Fisheries  Society,  83 :  120-130. 

Gorge  Creek,  typical  small  mountain  trout 
stream  on  eastern  slope  of  Rocky  Mountains, 
was  used  in  test  to  measure  survival  and 
weight  changes  in  hatchery-reared  cutthroat 
trout  (Salmo  clarki).  Resident  population  of 
this  species  exists  in  the  stream.  Experimen- 
tal procedure  was  to  introduce  groups  of  trout 
into  enclosures  one-half  to  three-fourths  of  a 
mile  long ;  each  trout  in  a  group  was  given  a 
numbered  Petersen  tag  and  weighed  before 
planting.  Recapture  by  angling  and  reweigh- 
ing  was  carried  out  throughout  the  season  of 
planting  and  also  in  later  summers.  In  this 
way  six  lots  of  pond-reared,  one  lot  of  stream- 
reared,  and  one  lot  of  transplanted  wild  cut- 
throat trout  were  studied.  Pond-reared  fish 
exhibited  very  low  survivals  over  first  (0  to 
4.9  percent)  and  second  (0  to  3.1  percent) 
winter.  Survival  was  largely  independent  of 
age.  Transplanted  wild  trout  showed  sur- 
vivals of  46.0  to  29.0  percent  to  second  and 
third  summers,  respectively.  Stream-reared 
hatchery  fish  gave  an  intermediate  value  (17.2 
percent  to  second  summer ) . 

All  lots  of  trout  lost  weight  for  some  30  to 
40  days  when  superimposed  on  a  resident  popu- 
lation. This  loss  was  more  severe  and  was 
regained  more  slowly  in  pond-reared  trout 
than  in  transplanted  wild  trout. 

It  is  held  that  low  survivability  of  hatchery 
fish  is  due  to  absence  of  natural  selection  at 
early  stages  in  life  history. 


1955.     Trout  management  research  in  Alberta. 

Transactions    of    the    Twentieth    North 

American  Wildlife  Conference,     pp.  242- 

252. 

Experiments  were  conducted  in  Gorge  Creek 

in  South  Saskatchewan  River  system  to  learn 

what  happened  to  hatchery-reared  cutthroat 

trout  released  in  the  stream. 

With  pond-reared  cutthroat  planted  in  an 
area  with  wild  trout,  there  was  an  early,  heavy 
mortality,  followed  by  a  period  in  which  sur- 
vivors lost  weight.  With  wild  cutthroat 
transplanted  to  an  area  with  other  wild  cut- 
throat, the  wild  fish  had  lower  mortalities  and 
less  weight  loss  than  the  pond  fish. 

Partially  stream-reared  cutthroat  planted 
in  the  stream  with  wild  fish  suffered  greater 
mortality  than  the  wild,  transplanted  fish,  but 
less  than  the  pond-raised  fish. 

Hatchery-reared    cutthroat    planted    in    a 

stream  with  no  resident  population  survived 

well  and  immediately  began  to  gain  weight. 

All   groups   showed   low   survival    over   first 

winter. 

1957a.    Permanence  and  size  of  home  territory 

in      stream-dwelling     cutthroat     trout. 

Journal  of  the  Fisheries  Research  Board 

of  Canada,  14(5)  :  687-691. 

Gorge    Creek    is    a   small    cutthroat    trout 

stream  in  Alberta  on  the  eastern  slopes  of  the 

Rocky  Mountains.     In  the  summer  of  1954,  98 

trout  were  tagged  with  Petersen  tags,  weighed, 

and  returned  to  the  pool  of  capture.     In  the 

same  summer  and  in  the  next  two,  58  of  these 

trout  were  recaptured,  some  several  times,  so 

that,    altogether,    83   records    were   obtained. 

Twenty-three  records  are  of  the  first  year,  35 

from  the  second,  and  25  from  the  third. 

Sixty-seven  percent  of  the  recaptures  were 
made  in  the  original  pool  or  less  than  200 
yards  from  it.     Of  the  remaining  33  percent, 
one  fish  had  moved  1.5  miles  upstream  and 
remained  there.     The  others  had  all  drifted 
downstream.     The  drifters  were  smaller  fish 
than  those  that  stayed  home,  and  they  either 
lost  weight  or  gained  at  rates  considerably 
below  normal.     It  is  suggested  that  these  fish 
had  been  injured  by  the  tags.     The  general 
conclusion   is   that   each   cutthroat   trout  of 
Gorge  Creek  has  a  home  territory  not  over  20 
yards  long  and  that  the  whole  life  is  spent 
in  it. 
1957b.     Have  the  genetic  patterns  of  fishes  been 
altered  by  introductions  or  by  selective 
fishing?     Journal  of  the  Fisheries  Re- 
search Board  of  Canada,  14(6)  :  797-806. 
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This  paper  is  a  review  of  some  of  the  litera- 
ture dealing  with  changes  in  fresh-water  fish 
populations  following  exploitation  or  after  in- 
troduction of  exotic  species.  The  object  of  the 
review  was  to  look  for  changes  that  could  be 
attributed  to  alterations  in  the  gene  pools  of 
the  affected  populations.  Very  little  concrete 
evidence  could  be  found,  either  because  the 
investigations  reviewed  were  not  looking  for 
genetic  changes,  or  because  such  changes  did 
not  occur.  Changes  in  some  salmonids  may 
be  assigned  to  introgressive  hybridization,  par- 
ticularly where  rainbow  and  cutthroat  trout 
have  been  put  together  on  the  eastern  slopes. 
In  many  cases,  however,  exotics  have  appar- 
ently failed  to  contribute  to  the  gene  pool  of 
the  resident  population,  and  most  hybrids, 
when  they  occur,  have  been  of  low  fertility. 

Fishes  have  a  remarkable  ability  to  respond 
to  changes  in  population  density  by  altered 
growth  rates  and  times  of  maturity.  These 
changed  characters  are  not  necessarily  due  to 
genetic  changes  and  may  be  explained  by  as- 
suming that  fishes  are  preadapted  to  a  wide 
range  of  conditions.  There  is  a  rather  specu- 
lative suggestion  that  angling  may  select  less 
intelligent  fish,  leading  to  an  upgrading  in 
intelligence  of  the  fish.  The  general  conclu- 
sion is  that  in  the  light  of  the  existing  evidence, 
great  caution  must  be  used  in  attributing  to 
man-induced  changes  in  fish  populations 
changes  in  the  genetic  pattern. 
1958.  The  role  of  competition  in  the  mortality 
of  hatchery  trout.  Journal  of  the  Fish- 
eries Research  Board  of  Canada,  15(1)  : 
27-45. 
The  literature  on  the  survival  of  hatchery- 
reared  trout  after  release  in  streams  is  re- 
viewed, and  the  conclusion  is  reached  that 
survival  is  poor  in  lakes  and  streams  where  a 
resident  trout  population  already  exists.  In 
streams  the  deaths  of  planted  trout  occur  very 
soon  after  their  release  and  have  been  referred 
to  as  "delayed  mortality."  However,  a  com- 
parison of  survivals  after  planting  in  occu- 
pied and  unoccupied  streams  shows  that 
many  of  the  deaths  are  not  attributable  to 
hatchery  background  or  transportation 
methods,  but  largely  to  some  aspect  of  compe- 
tition with  resident  trout.  Some  investiga- 
tions which  have  sought  to  measure  the  rela- 
tive survivability  of  wild  and  hatchery  trout 
have  not  used  resident  wild  trout,  and  thus 
a  crucial  aspect  of  the  competition  has  been 
omitted.  Investigations  at  the  Alberta  Biolog- 
ical Station  test  stream,  Gorge  Creek,  are  de- 
scribed;  in   these   a   significant   difference  in 


blood  lactic  acid  levels  was  found  between 
hatchery  trout  with  and  without  competition 
from  resident  trout.  A  tentative  role  is  as- 
signed competition  as  follows :  introduced 
trout  must  compete  for  niches  and  for  food. 
In  the  early  stages  of  this  competition  they 
are  continuously  exercising;  they  exhaust 
stores  of  some  metabolite  and  die  either  of 
acidosis  or  starvation. 

Survival   of   wild   cutthroat   trout   and    of 
stream-reared  hatchery  trout  and  blood  lac- 
tate levels  in  cutthroat  trout  are  discussed. 
Miller,  Robert  Rush. 

1950.     Notes  on  the  cutthroat  and  rainbow  trouts 
with   the   description   of   a   new   species 
from  the  Gila  River,  N.  Mex.     Ann  Ar- 
bor, Mich. :  University  of  Michigan  Press. 
Occasional  Papers,  Museum  of  Zoology, 
No.  529.     42  pp. 
Salmo  gilae,  a  new  species,  is  described.    It 
resembles  8.  gairdnerii  in  some  respects  and 
8.  clarkii  in  others.    Status  of  trouts  of  west- 
ern North  America  is  reviewed.    Comparisons 
between  rainbow  and  cutthroat  series  are  pre- 
sented and  discussed.    Origins  of  8.  clarkii  are 
discussed. 
Miller,  Robert  R.,  and  J.  R.  Alcorn. 
1946.     The  introduced  fishes  of  Nevada,  with  a 
history  of  their  introduction.     Transac- 
tions of  the  American  Fisheries  Society, 
73 :  173-193. 
History  and  distribution  of  Salmo   clarkii 
henshawi,  8.  c.  lewisi,  and  8.  c.  utah  are  de- 
scribed in  detail  for  Nevada.     Rainbow-cut- 
throat hybrids  are  also  discussed,  and  stock- 
ing these  species  in  the  same  water  is  dis- 
couraged. 
Moore,  H.  L.,  O.  B.  Cope,  and  R.  E.  Beckwith. 
1952.     Yellowstone   Lake   trout   creel   censuses, 
1950-1951.     U.S.  Fish  and  Wildlife  Serv- 
ice,  Special   Scientific  Report — Fisheries 
No.  81.   41pp. 
Two  years  of  cutthroat  trout  creel  census 
on  Yellowstone  Lake  gave  estimates  of  catch, 
effort,  numbers  of  fishermen,   and  catch  per 
hour  for  each  unit  of  the  fishery.     Variances 
were  calculated  for  catch  and  effort  estimates, 
and  mathematical  basis  for  shoreline  census 
method  is  described. 

Catches  of  1950  and  1951  were  199,993  and 
207,860  for   Yellowstone   Lake.     Catches   per 
hour  ranged  from  0.16  to  2.12,  depending  on 
the  unit  of  the  fishery. 
Morris,  Robert  W. 

1950.  An  application  of  electricity  to  collection 
of  fish.  Progressive  Fish-Culturist, 
12(1)  :39^t2. 
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A  lightweight,  back-pack,  DC  shocker  is  de- 
scribed, and   its  use  for  collecting  cutthroat 
trout  is  discussed. 
Mottley,  C.  McC. 

1934.     The  origin  and  relations  of  the  rainbow 
trout.     Transactions     of     the    American 
Fisheries  Society,  64  :  323-327. 
Rainbow  and  cutthroat  forms  of  trout  were 
evolving  from  a  single  salmonine  stock  in  the 
last    interglacial    period    after    having    been 
separated  from  progenitors  of  Pacific  salmon 
I  y  previous  glaciation.     Salmonine  stocks  were 
forced  southward  at  last  glaciation  and  then 
moved  north  again  as  ice  melted.     Cutthroats 
came  into  British  Columbia  from  glacial  Lake 
Bonneville  and  are  found  at  higher  elevations 
and  farther  from  sea  than  rainbows. 
1937.     The     number     of     vertebrae     in     trout 
(Salmo).     Journal      of     the     Biological 
Board  of  Canada,  3(2)  :  169-176. 
The  European  species  of  Salmo  have  fewer 
vertebrae    than    those    from    western    North 
America,  the  mean  values  of  two  of  each  group 
as   reared   at   the   Cowichan   hatchery   being 
found  to  be :  salar  59.0,  trutta  58.3,  gairdnerii 
63.5,  clarkii  62.5.     Hatchery-reared  gairdnerii 
were  usually  found  to  be  different  from  those 
of  the  natural  environment  as  well  as  varying 
with    different   experimental    conditions,    and 
even   differed    from    their   own   parents,    this 
seeming   on   the  whole   to  be   related  to   the 
temperature  during  development.     A  correla- 
tion was  found  between  the  length  of  the  fish 
and  the  number  of  vertebrae.     Caution  is  sug- 
gested in  the  use  of  the  character  for  identify- 
ing populations  of  Salmo. 
VIuttkowski,  Richard  A. 

1925.     The  food  of  trout  in  Yellowstone  National 
Park.     Roosevelt     Wild     Life     Bulletin, 
2(4)  :  471-497. 
The  cutthroat  and  its  environment,  water 
food   and   surface   food,    feeding  habits,   and 
hints  to  anglers  are  discussed. 
929.     The  ecology  of  trout  streams  in  Yellow- 
stone   National    Park.     Roosevelt    Wild 
Life  Annals,  2(2)  :  155-240. 
Contains  detailed  descriptions  and  classifica- 
tion of  Yellowstone  trout  streams,  with  lists  of 
flora   and   fauna.     A   little   about  biology    of 
cutthroat  itself  is  given. 
•Jeave,  Ferris. 
36.     The  development  of  the  scales  of  Salmo. 
Transactions    of    the    Royal    Society    of 
Canada,   30    (Third   Series,  Section  V)  : 
55-72. 
The  microscopic  development  of  scales  in  the 
genus  Salmo  is  reviewed.     Cutthroat,  rainbow. 


and  brown  trouts  were  used  during  the  study, 
and  figures  of  scale  formation  in  the  lateral 
line  area  of  cutthroat  are  given.     The  paper 
deals    with    distribution    of    the    first-formed 
scales,  development  of  scale  papillae,  differen- 
tiation of  the  papilla,  laying  down  of  the  scale, 
the  bony  layer  and  the  associated  cells,  and 
general  considerations. 
1943.     Scale  pattern  and  scale  counting  methods 
in   relation   to   certain   trout   and   other 
salmonids.     Transactions    of    the    Royal 
Society  of  Canada,  37  (Third  Series,  Sec- 
tion V)  :  79-91. 
The  development  of  scale  patterns  in  Salmo 
clarki,  S.  gairdneri,  and  8.  trutta  is  described 
and  discussed.     Scale  development  begins  after 
establishment  of  lateral  line  sense  organs,  and 
are  metamerically  distributed.     Variations  in 
number  of  scales  are  less  extreme  at  the  lateral 
line  than  at  higher  levels.     Considerable  differ- 
ences between  mean  scale  counts  of  different 
intraspecific  populations  occur.     Lateral  line 
counts    will    usually    distinguish    individual 
brown  trout  from  individual  cutthroats  and 
steelhead.     Cutthroats  have  a  range  of  116  to 
133,  rainbows  a  range  of  114  to  131,  and  browns 
a  range  of  variation  of  12  scales  at  the  lateral 
line.     At  higher  levels  on  the  body,  cutthroats 
range  from  122  to  177,  rainbows  from  115  to 
159,  and  browns  from  116  to  136. 
1949.     Game  fish  populations  of  the  Cowichan 
River.     Fisheries     Research     Board     of 
Canada,  Bulletin  No.  84.     32  pp. 
Some  habits  and  life  history  of  cutthroat  in 
this  British  Columbia  stream  are  described. 
Cutthroat  are  very  widely  distributed  in  this 
system.     They  spawn  in  winter  and   spring. 
Immatures  may  remain  up  to  2  years  in  spawn- 
ing   streams.     Cutthroat    move    randomly    in 
streams  in  winter,  aside  from  movements  con- 
nected   with    reproduction.     Growth    rate    is 
variable.     First  spawning  is  usually  at  3  or  4 
years  of  age.     Spawning  more  than  twice  is 
exceptional. 
Needham,  Paul  R.,  and  F.  K.  Cramer. 
1943.     Movement  of  trout  in  Convict  Creek,  Cali- 
fornia.    Journal  of  Wildlife  Management. 
7(2)  :  142-148. 
A  two-way  fish   trap  was  used  in  Convict 
Creek  to  study  movements  of  brown,  cutthroat, 
brook,   and  rainbow  trout.     Numbers  of  cut- 
throat trapped  were  small,  and  did  not  con- 
clusively show  migration  patterns. 
Needham,  P.  R.,  and  Robert  J.  Behnke. 
1962.     The   origin   of   hatchery   rainbow   trout. 
Progressive    Fish-Culturist,    24(4):  156- 
158. 
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In  this  discussion  of  the  rainbow  trout  of  the 
McCloud  River  system  in  California,  the  pres- 
ence of  cutthroat  characteristics  in  Pit  River 
populations  is  brought  out.     The  idea  is  ad- 
vanced that  interior  cutthroat  entered  the  Pit 
River  through  an  early  connection  with  the 
Goose   Lake   drainage.     Thus,   there   may   be 
some  cutthroat  genes  in  the  McCloud  River 
rainbow,  which  furnished  the  original  stock  for 
hatcheries. 
Needham,  Paul  R.,  and  Richard  Gard. 
1959.     Rainbow  trout  in  Mexico  and  California 
with  notes  on  the  cutthroat  series.     Uni- 
versity   of    California  '  Publications     in 
Zoology,  67(1)  :  1-124,  plates  1-8,  40  figs., 
3  maps. 
Variation  in  rainbow  trout  was  studied  in 
specimens   from   Mexico   and   California,   the 
following    meristic    characters    being    used : 
vertebrae,    scales,    branchiostegal    rays,    gill 
rakers,  fin  rays.     Linear  characters  were  also 
used.     Bases  for  separating  various  popula- 
tions of  rainbow  were  found.     In  a  discussion 
of  the  cutthroat  series,  the  authors  point  out 
the  recognition  features  of  the  Montana,  coast, 
Yellowstone,  Utah,  Lahontan,  and  Independ- 
ence  Lake   cutthroats   and   for    rainbow-cut- 
throat   hybrids    and    steelhead-cutthroat    hy- 
brids.    The  taxonomic  status  of  the  cutthroat 
as  possibly  being  a  subspecies  of  the  rainbow 
is  suggested. 
Oien,  Waine  E. 

1957.     A    prelogging    inventory    of    four    trout 

streams  in   Northern   Idaho.     Master  of 

science  thesis,  University  of  Idaho.    92  pp. 

In  this  study  of  the  effects  of  logging  on 

trout  streams  an  assessment  of  streams  was 

made  before  logging.     Coastal  cutthroat  were 

native  to  the  streams.     Lengths  and  weights 

of  various  ages  of  cutthroat  were  determined 

in  four  streams   in  1955  and  1956,   prior  to 

logging.     Coefficients  of  condition  ranged  from 

1.48  to  1.76. 

Olive,  John  R. 

1953.     A  bibliography  of  the  limnology  and  fish- 
ery biology  of  Colorado.     Colorado  Game 
and   Fish   Department    (mimeographed). 
34  pp. 
Contains   references   to   many   reports   and 
papers  on  cutthroat  in  Colorado. 
Parisot,  Thomas  J.,  William  T.  Yasutake,  and 

Vernon  Bressler. 
1963.     A  new  geographic  and   host  record  for 
infectious  pancreatic  necrosis.     Transac- 
tions of  the  American  Fisheries  Society, 
92(1)  :  63-66. 


The  occurrence  of  infectious  pancreatic  ne- 
crosis in  rainbow  trout  (Salmo  gairdneri), 
brook  trout  (Salvelinus  fontinalis),  and  cut- 
throat trout  (Salmo  clarki)  has  been  experi- 
mentally authenticated  for  the  first  time  in 
the  western  United  States.  The  cutthroat 
trout  represents  a  new  host.  Brook  trout  fin 
tissue  culture  inoculated  with  bacteria-free 
filtrate  from  the  diseased  fish  tissue  showed 
marked  degenerative  changes  after  24  hours. 
Chinook  salmon  (Oncorhynchus  tshawytscha) , 
kokanee  (O.  nerka),  and  silver  salmon  (0. 
kisutch)  were  not  susceptible  to  the  virus 
when  inoculated.  Histologically  extensive 
pancreatic  necrosis  was  observed  in  the  origi- 
nal and  experimental  materials,  but  striated 
muscle  hyalinization  was  detected  only  in  the 
original  material. 
Pautzke,  Clarence  F. 

1938.     Studies  on  the  effect  of  coal  washings  on 
steelhead    and   cutthroat   trout.     Trans- 
actions  of   the   American    Fisheries    So- 
ciety, 67 :  232-233. 
Effects  of  coal  washings  in  Cedar  River  in 
Washington  were  measured  on  steelhead  and 
cutthroat.     Cutthroat,  1  to  2  inches,  died  in 
30  minutes,  while  the  control  was  unaffected. 
Steelhead,  6  inches  long,  died  in  1%  hours. 
Pechacek,  Louis  S. 

1950.     Harvest  of  wild  and  stocked  fish  from  the 
Logan  River  drainage.     Master's  thesis, 
Utah  State  Agricultural  College.     103  pp. 
In  this  study  of  harvest  of  cutthroat,  brook, 
brown,    and    rainbow    trouts    and    mountain 
whitefish  in  Logan  River  in  1949,  it  was  deter- 
mined that  cutthroat  comprised  31.5  percent  i 
of  the  catch,  rainbows  34  percent  (25.5  percent 
were  marked  rainbows) . 

1956.  The  effects  of  tags  on  the  rate  of  growth  | 
and  condition  of  several  species  of  cold- 
water     fish     in     Wyoming.     Progressive 
Fish-Culturist,  18(2)  :  120-125. 

Cutthroat  and  other  salmonids  in  Wyoming 
were  tagged  with  jaw  and  opercular  tags. 
Loss  in  growth  and  in  condition  factor  was 
exhibited  after  periods  of  from  2  months  to 
2  years. 
Platts,  William  S. 

1957.  The    cutthroat    trout.     Utah    Fish    and 
Game  Magazine,  13(10)  :  4, 10. 

This  account  of  the  cutthroat  in  Utah  de- 
scribes history  and  range  of  Utah  cutthroat 
and  Colorado  cutthroat.  Management  of  cut- 
throat in  Utah  is  discussed  in  relation  to  en- 
vironmental changes.  Habitat,  life  history, 
spawning  habits,  and  development  of  imma 
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ture  cutthroat  are  treated.     Future  for  this 
fish  in  Utah  is  felt  to  be  poor. 

1958.  Age  and  growth  of  the  cutthroat  trout  in 
Strawberry  Reservoir,  Utah.  Proceed- 
ings of  the  Utah  Academy  of  Science, 
Arts,  and  Letters,  35  :  101-103. 

The    body-scale    relation    of    cutthroat    in 
Strawberry  Reservoir  is  calculated  at  L=  — 
16.7+2.47  Sc  and  for  tributary  stream  fish  at 
L=  —1.4+1.88   Sc.     Calculated  lengths   show 
reservoir  cutthroat  to  average  413  mm.  at  the 
fourth  annulus  ;  tributary  fish  average  189  mm. 
at   the   fourth    annulus.     The   maximum   age 
found  in  the  reservoir  is  10  years.     Tributary 
fish  were  found  up  to  4  years  of  age.     Condi- 
tion factors  became  smaller  up  to  3  years  of 
age  and  increased  beyond  that  age. 
L959a.     Homing,    movements    and   mortality   of 
wild  cutthroat  trout  (Salmo  clarki  Rich- 
ardson)    spawned    artificially.     Progres- 
sive Fish-Culturist,  21(1):  36-38. 
Cutthroat    trout   spawners    with    a    strong 
drive  to  complete  the  spawning  act  were  ob- 
served to  travel  the  length  of  the  6-mile  reser- 
voir.    Many  marked  spawners  traveled  7  miles 
upstream,   where   migration  was   stopped  by 
beaver  dams.     The  high  percentage  of  returns 
to  the  home  stream  gave  supporting  evidence 
of  a  homing  instinct  of  cutthroat  trout  in  an 
adfluvial  environment. 

The  data   indicate  that  mortality  of  both 
naturally  and  artificially  spawned  wild  cut- 
throat trout  is  very  high.     Once  it  has  com- 
pleted spawning,  a  cutthroat  trout  in  this  type 
of  environment  is  of  little  value  to  the  future 
replenishment  and  should  be  made  available 
to  the  creel. 
1959b.     Food  habits  of  the  cutthroat  trout  in 
Strawberry   Reservoir,   Utah.     Proceed- 
ings of  the  Utah  Academy  of  Science, 
Arts,  and  Letters,  36 :  119-121. 
In    cutthroat    stomachs    from    Strawberry 
Reservoir    and     its    tributaries,    chironomid 
pupae  were  the  most  important  food  in  the 
reservoir,  and  Daphnia  was  important  to  the 
smaller  cutthroat.     In  the  tributaries  caddis 
larvae   and   snails   were  the   most  abundant 
items.     Fish  were  not  prominent  in  the  diet. 
Cutthroat  fry  and  fingerlings  fed  on  chirono- 
mid larvae  and  mayfly  nymphs. 
Post,  George 

1959.  Nitrofuran  compounds  for  furunculosis  of 
trout,  with  special  emphasis  on  Furoxone. 
Progressive  Fish-Culturist,  21(1):  30-33. 

Six  nitrofurans  were  tested  against  Aero- 
monas  salmonicida  in  vitro,  with  Furoxone 
giving  the  greatest  inhibition.     Furoxone  was 


then  tested  against  Aeromonas  salmonicida  in 
brook  and  cutthroat  trout  by  addition  to  the 
diet,  at  100  milligrams  per  kilo  of  fish  per 
day.     The  furunculosis  was  controlled. 
1962.     Furazolidone     (nf-180)     for    control    of 
furunculosis  in  trout.     Progressive  Fish- 
Culturist,  24(4)  :  182-184. 
Cutthroat  and  rainbow  trout  were  used  in 
experiments  on  the  control  of  furunculosis.     It 
is  recommended  that  furazolidone  at  25  mg. 
per  kilogram  of  fish  be  used  for  at  least  20 
days  for  control.     Roccal  can  also  be  used  to 
disinfect  cement  ponds  and  raceways. 
Progressive  Fish-Culturist. 
1952.     Marking    cutthroat    trout    with    Trypan 
Blue.     Vol.  14  (No.  1),  p.  9. 
Trypan  Blue  gave  prominent  marks  in  fins 
and  other  parts  of  cutthroat  trout  at  the  Alsea 
Trout  Hatchery  in  Oregon,  but  the  dye  failed 
to  stay  in  the  tissues  for  3  weeks. 
Purkett,  Charles  A.,  Jr. 

1951.     Growth  rate  of  trout  in  relation  to  eleva- 
tion and  temperature.     Transactions  of 
the  American  Fisheries  Society,  80 :  251- 
259. 
A  study  of  758  trout  from  West  Gallatin 
River  indicated  that  growth  was  greater  at 
lower   elevations   where   water   was  warmer. 
Rainbow  trout  from  upper  and  lower  sections 
of  West  Gallatin  River  showed  following  dif- 
ferences in  length  at  end  of  each  year :  0.3  inch 
first  year,  1.3  inches  second  year,  2.1  inches 
third  year,   2.5  inches  fourth  year,   and   4.0 
inches  fifth  year.     Growth  rates  of  cutthroat 
and  hybrid  trout  showed  similar  trend.     Av- 
erage summer   difference   in   water  tempera- 
ture   (early    morning),    between    upper    and 
lower  stations  of  West  Gallatin  River,  was 
9.6°  F.     Condition  factors  did  not  show  sig- 
nificant variations  between  sections. 

Total    of    184    trout    from    Bridger-Spring 
Creek  did  not  show  significant  differences  in 
growth  rate.     Water  temperatures  in  stream 
did  not  vary  greatly. 
Qadri,  S.  U. 

1959.     Some  morphological  differences  between 
the  subspecies  of  cutthroat  trout.     Salmo 
clarkii  clarkii  and  Salmo  clarkii  lewisi,  in 
British  Columbia.    Journal  of  the  Fisher- 
ies Research  Board  of  Canada,   16(6)  : 
903-922. 
Coastal   cutthroat   trout,    Salmo    c.    clarkii 
Richardson,  occupy  most  lakes  and  streams  of 
coastal   British   Columbia,   including  the  ad- 
jacent islands.    Yellowstone  cutthroat,  Salmo 
c.  lewisi   (Girard),  occupy  southeastern  Brit- 
ish Columbia;  their  range  is  separated  from 
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that  of  the  coastal  subspecies  by  a  zone  lacking 
cutthroat  trout.  A  map  showing  all  natural 
distribution  records  in  the  Province  is  pre- 
sented. From  60  to  146  specimens  were  exam- 
ined for  distinguishing  characters.  Spots 
below  the  lateral  line  are  more  numerous  to- 
wards the  anterior  end  in  Salmo  c.  clarkii, 
but  more  numerous  toward  the  posterior  end 
in  Salmo  c.  lewisi.  A  plot  of  spot  number  in 
selected  areas  of  the  body  provides  almost 
complete  separation  of  individuals  of  the  two 
subspecies.  Significant  differences  also  occur 
in  certain  scale  counts  and  in  body  and  pe- 
duncle depth,  although  these  characters  over- 
lap considerably  between  the  subspecies.  No 
difference  was  found  in  vertebral  count. 
Rasmussen,  Delbert  H. 

1956.     A  creel  census  and  fisherman  expenditure 
study  on  Snake  River,  Wyoming.     Wyo- 
ming Game  and  Fish  Commission,  Fish- 
eries Technical  Report  No.  4.    26  pp. 
A  40-mile  section  of  Snake  River  was  cen- 
sused  in  1955.     Snake  River  cutthroat  com- 
prised 92  percent  of  catch  and  averaged  11 
inches    in    length.     Length    frequencies    and 
length-weight  relations  are  given.     Catch  per 
hour  for  bank  fishermen  was  0.74,  for  boat 
fishermen  0.64. 
1960.     Preventing  a  winterkill  by  use  of  a  com- 
pressed-air    system.     Progressive     Fish- 
Culturist,  22(4)  :  185-187. 
Cutthroat  trout  (8.  c.  lewisi)  in  Soda  Lake 
in  the  Snake  River  drainage  in  northwestern 
Wyoming  sustained  a  winterkill  in   1957-58. 
Since   the  population   was  needed  for  brood 
stock  and  angling  purposes,   compressed  air 
was  used  to  remove  ice  cover  from  the  lake. 
Pumping  of  air  began  in  November  1958  and 
lasted  162  days.     Eggtaking  in  May  1959  was 
successful. 
Rasmussen,  D.  I. 

1941.     Beaver-trout   relationship  in   the   Rocky 
Mountain   region.      Transactions   of   the 
Fifth   North   American  Wildlife  Confer- 
ence,   pp.  256-263. 
Area  in  Wasatch  National  Forest  containing 
620  miles  of  stream  inhabited  by  cutthroat, 
almost  200  miles  of  which  was  stocked  with 
beavers,  was  studied  to  learn  effects  beavers 
had    on    cutthroat.     Physical    and    chemical 
measurements  and  bottom  fauna  counts  sug- 
gested that  beaver  did  not  produce  adverse 
effects  on  trout.    Beaver  dams  obstructed  trout 
movement  to  some  extent. 
Rayner,  H.  J. 

1947.     Trout     fishery    in     Oregon.     Progressive 
Fish-Culturist,  9(3)  :  130-132. 


In  this  description  of  Oregon's  trout  fishery, 
cutthroat  play  an  important  role.  Anadro- 
mous  and  resident  cutthroat  west  of  the  Cas- 
cades are  discussed  and  Yellowstone  cutthroat 
introductions  are  described. 
Reed,  Roger  J. 

1963.     Results  of  preliminary  watershed  surveys 
conducted  in  1961  and  1962  for  studies 
on  effects  of  forest  insecticide  spray  on 
salmon  streams  in  southeastern  Alaska. 
Bureau  of  Commercial  Fisheries,  Manu- 
script Report  63-1.    12  pp. 
In  this  study  of  DDT  in  streams  prior  to 
spraying  for  forest  insect  control,  data,  were 
collected   on   stomach  contents   and   on  DDT 
residues    of    salmonids.     Cutthroat    stomach 
contents  are  reported.     DDT  and  DDE  were 
found    in    cutthroat    from    all    four    streams 
sampled. 
Rich,  Willis  H. 

1924.     Destruction  of  trout  by  pelicans  in  Yel- 
lowstone National  Park.     Report  of  the 
U.S.  Commissioner  of  Fisheries  for  1923, 
App.  7.    pp.  1-27. 
In   1922,   U.S.    Bureau   of   Fisheries   began 
investigation  of  pelicans  in  Yellowstone  Na- 
tional Park,  with  Dr.  H.  B.  Ward  doing  the 
work.    He  found  that  breeding  period  of  white 
pelican  in  the  park  is  synchronized  with  that 
of  cutthroat  trout.     The  pelican  colony  was 
500-600  adults,  and  produced  200  young.     Each 
pelican  ate  about  350  fish  in  the  season.     Con- 
trol of  pelicans  by  destruction  of  eggs  was 
recommended. 
Ricker,  W.  E. 

1941.     The  consumption  of  young  sockeye  salmon 
by  predaceous  fish.     Journal  of  the  Fish- 
eries Research  Board  of  Canada,  5(3)  : 
293-313. 
Among  the  fish  and  insects  which  constitute 
the  principal  food  of  the  larger  predaceous  fish 
of  Cultus  Lake,  British  Columbia,  young  sock- 
eye  salmon  (Oncorhynchus  nerka)  are  of  out- 
standing  importance.      In    general,    the   con- 
sumption of  sockeye  is  proportional  to  their 
abundance,  though  it  may  be  in  some  cases 
modified  in  the  direction  of  less  than  propor- 
tional predation  upon  the  smaller  populations. 
Consumption   of   alternative   foods    increases 
greatly  in  years  when  sockeye  are  scarce. 

Cutthroat  trout  prey  on  young  sockeye 
throughout  the  year,  from  the  time  they  rise 
from  their  nests  until  they  leave  the  lake  a 
year  later.  Consumption  of  sockeye  is  greatest  , 
in  May  and  early  June,  just  after  emergence. 
Cutthroat  were  the  most  important  predator 
in  Cultus  Lake  in  1940. 
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Robertson,  O.  H. 

1947.     An  ecological  study  of  two  high  mountain 
trout   lakes   in   the   Wind   River   Range, 
Wyoming.     Ecology,  28(2)  :  87-112. 
This  study  sought  to  explain  difference  in 
sizes  of  cutthroat  trout  from  two  adjacent, 
similar  lakes.     Life  spans  were  about  equal, 
but  growth  was  faster  in  one  lake.     This  lake 
had  a  better  food  supply,  and  its  trout  had 
food  volumes  in  their  stomachs  thrice  those  of 
the  smaller  trout.     No  differences  between  the 
lakes  were  found  in  plankton  counts,  tempera- 
ture, pH,  02,  dissolved  Ca,  or  HC03.    The  richer 
lake  had  higher  concentrations  of  phosphates, 
iodine,  and  organic  matter. 

ROUNSEFELL,  GEORGE  A. 

1957.     Fecundity  of  North  American  Salmonidae. 
U.S.  Fish  and  Wildlife  Service  Fishery 
Bulletin,  No.  122,  Vol.  57,  pp.  451^68. 
Measurements  of  egg  diameters  of  cutthroat 
trout  are  compared  with  those  of  other  sal- 
monids.     Measurements  on  number  of  eggs  per 
female  are  given  in  relation  to  size  of  female, 
as  well  as  other  measures  of  egg  size. 
1962.     Relationships    among    North     American 
Salmonidae.     Fish  and  Wildlife  Service 
Fishery  Bulletin  209,  Vol.  62,  pp.  235-270. 
The  relationships  among  species  and  genera 
of  North  American  Salmonidae  are  assessed 
from  published  data  on  hybridization,  colora- 
tion, and  other  attributes.     The  genus  Salmo 
shows    the    greatest    intrageneric    variation. 
Phylogenetically,  Salmo  gairdneri  is  as  close 
to  the  species  of  Oncorhynchus  as  to  Salmo 
salar;  and  Salmo  trutta,  at  the  other  extreme, 
is  about  midway  between  8.  salar  and   the 
species  of  Salvelinus.     The  genus  Salvelinus  is 
a  closely  knit  group.     Of  its  species,  Salvelinus 
marstoni    shows    the    closest    affiliation    with 
Salmo. 

Published  data  are  scanty  for  several  species, 
and  the  methods  of  taking  and  recording  data 
vary  so  widely  that  comparison  of  data  taken 
by  different  investigators  is  hazardous. 

For  cutthroat  trout,  data  are  presented  on 
hybridization,  coloration,  anadromy,  numbers 
of  branchiostegal  rays,  numbers  of  pyloric 
caecae,  counts  of  fin  rays,  numbers  of  verte- 
brae, numbers  of  gill  rakers,  and  numbers  of 
scale  rows.  Figures  are  also  given  for 
fecundity  and  weight  of  fish,  and  the  distribu- 
tion of  the  species  is  given  in  relation  to 
temperature. 
ptucKER,  R.  R.,  and  K.  Hodgeboom. 
L953.  Observations  on  gas-bubble  disease  of  fish. 
Progressive  Fish-Culturist,  15(1)  :  24-26. 
Cutthroat  and  rainbow  trout  in  a  Washing- 


ton hatchery  were  troubled  with  gas-bubble 
disease  due  to  an  excess  of  nitrogen  in  the 
water.  When  aeration  lowered  the  nitrogen 
content  to  110  percent  of  saturation  the  fish 
showed  no  evidence  of  gas-bubble  disease. 
Rucker,  R.  R.,  J.  F.  Conrad,  and  C.  W.  Dickeson. 

1960.  Ovarian  fluid:  Its  role  role  in  fertiliza- 
tion. Progressive  Fish-Culturist,  22(2)  : 
77-78. 

This  study  presents  evidence  that  sperm 
from  cutthroat  trout  and  silver  salmon  were 
activated  by  ovarian  fluid,  that  the  ovarian 
fluid  prolonged  the  viability  of  the  sperm,  and 
that  eggs  can  be  fertilized  in  ovarian  fluid 
without  the  addition  of  water. 
Rucker,  R.  R.,  W.  T.  Yasutake,  and  H.  Wolf. 

1961.  Trout  hepatoma — a  preliminary  report. 
Progressive  Fish-Culturist,  34(1)  :  3-7. 

Hepatoma  in  trout  is  discussed  and  charac- 
terized as  it  occurs  in  rainbow  and  cutthroat. 
Schneider,     Phillip     W.,     and     Francis     P. 

Griffiths. 
1943.     Production  of  trout  in  a  small  artificial 
pond    in    western    Oregon.     Journal    of 
Wildlife  Management,  7(2)  :  148-154. 
Stocking  of  trout  in  Cronemiller  Pond  re- 
sulted in  no  reliable  survival  data  on  rainbows 
and  brown  trout.     Later  stocking  of  cutthroat 
fingerlings  with  wild  rainbow  fry  resulted  in 
survival  of  71.3  percent  after  14.5  months  for 
the  cutthroat.     Production   was  46.5   pounds 
per  surface  acre. 

SCHOENTHAL,  NORMAN  D. 

1963.     Some  effects  of  DDT  on  cold-water  fish 
and  fish-food  organisms.     Federal  Aid  to 
Fish  Restoration  Project  Completion  Re- 
port,   Project    Nos.    F-21-R-4,    Helena, 
Mont,  (mimeographed).     47pp. 
Bioassays  were  conducted  on  six  species  of 
cold  water  fish,  including  wild  cutthroat  trout, 
to  determine  mortality  rates  under  different 
concentrations  of  DDT  and  varying  physical, 
chemical,  and  biological  conditions.     A  total 
of  6,000  fish   was   tested.     The   mortality   of 
rainbow  trout  varied  little  at  DDT  concentra- 
tions  between  0.5   and   10    p.p.m.     Mortality 
increased  as  the  size  of  the  fish  decreased. 
Hatchery  rainbow  trout  had  a  higher  mor- 
tality than  wild  rainbow  trout.     Mortality  in- 
creased   as    the    temperature    increased    but 
decreased  when  the  turbidity  and  alkalinity 
increased.     Mortality  was  increased  by  feeding 
trout  aquatic  insects  treated  with  DDT.     A 
comparison   of   six   species   of  fish   tested   in 
1  p.p.m.  DDT  showed  the  longnose  sucker  had 
a  mortality  of  94  percent  while  the  salmonids 
had  less  than  10  percent.     Delayed  mortality 
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occurred  in  all  species  of  fish  treated  in  DDT 
throughout  a  6-month  observation  period. 

Observations  were  made  on  fish  and  fish-food 
organisms  in  a  test  stream  8  months  before, 
during,  and  19  months  after  treatment  with 
DDT  which  was  applied  at  one  point  in  the 
stream  at  0.4  p.p.m.  Immature  aquatic  insect 
populations  were  reduced  99  percent  following 
application  and  required  18  months  to  regain 
pretreatment  numbers.  Immature  aquatic  in- 
sect populations  below  0.75  mile  downstream 
from  the  point  of  application  regained  15  per- 
cent of  the  pretreatment  numbers  11  months 
after  application.  The  diet  of  trout  in  this 
downstream  area  changed  from  immature 
aquatic  insects  to  adult  insects  and  aquatic 
vegetation.  Trout  populations  in  the  first  mile 
of  treated  water  showed  no  significant  change 
1  year  following  treatment  but  below  this  point 
showed  a  73-percent  reduction. 
Schtjltz,  Leonard  P. 

1934.  Species  of  salmon  and  trout  in  the  north- 
western United  States.  Proceedings  of 
the  Fifth  Pacific  Science  Congress  of  the 
Pacific  Science  Association  (Can.),  5: 
3777-3782. 

Contains  brief  discussion  and  keys,  in  which 
cutthroat  is  included. 
1936.     Keys  to  the  fishes  of  Washington,  Oregon, 
and  closely  adjoining  regions.     University 
of  Washington  Publications  in  Biology, 
2(4)  :  103-228. 
Contains  keys  to  cutthroats. 
1941.     Fishes  of  Glacier  National  Park,  Mont. 
U.S.  Department  of  the  Interior,  Fish  and 
Wildlife   Service,   Conservation   Bulletin 
22.     42  pp. 
Has   an    account   of   distribution,    keys    to 
species,  abundance,  appearance,  and  habits  of 
fishes  of  Glacier  Park.     Two  forms  of  cut- 
throat, 8.  c.  lewisi  and  8.  c.  clarkii,  are  treated. 
Detailed  distributional  tables  for  park  waters 
and  fishes  are  presented. 
Simon,  James  R. 

1935.  A  new  species  of  nematode,  Buloodacnitis 
scotti,  from  the  trout,  Salmo  lewisi 
(Girard).  University  of  Wyoming  Pub- 
lications, 2(2)  :  11-15. 

Contains  description  of  new  nematode  from 
intestine  and  other  viscera  of  Salmo  lewisi  in 
Yellowstone  Lake. 
1939,1953,1962.     Yellowstone       fishes.     Yellow- 
stone   Library    and    Museum 
Association.     49  pp. 
Fish-cultural  practices  for  cutthroat  in  Yel- 
lowstone, parasites  of  cutthroat  in  the  park, 
and  natural  predators  on  cutthroat  are  dis- 


cussed.    Description  of  Yellowstone  cutthroat 
is  given  with  notes  on  habits  and  distribution 
in  Yellowstone. 
1946.     Wyoming   fishes.     Wyoming    Game   and 
Fish  Department,  Bulletin  No.  4.     129  pp. 
Keys  to  identification  of  cutthroat  are  given, 
and  sections   on  8.   clarki   lewisi,   cutthroat- 
rainbow  hybrids,  8.  c.  pleuriticus,  and  8.  c. 
stomias   cover   distribution   in   Wyoming,   bi- 
ology, and  fishing.     Illustrations  of  cutthroat 
and  hybrids  are  included. 
Slater,  John  V. 

1961.  Comparative  accumulation  of  radioactive 
zinc  in  young  rainbow,  cutthroat,  and 
brook  trout.  Copeia,  No.  2.  pp.  158-161. 
An  analysis  of  the  comparative  accumulation 
of  radioactive  zinc  in  young  rainbow,  cutthroat, 
and  brook  trout  reveals  that  the  greatest  rate 
of  accumulation  of  this  isotope  is  in  the  brook 
trout,  the  least  in  the  rainbows.  A  study  on 
the  localization  of  this  element  showed  that  in 
the  rainbow  trout  and  the  cutthroat,  the  gill 
filaments  accumulated  the  greatest  amount  of 
isotope  while  in  both  instances  the  least 
amount  was  discovered  in  the  ventral  body 
wall.  Ion  uptake  in  the  cutthroat  gill  was 
greater  than  in  that  of  the  rainbow  with  this 
latter  species  being  found  to  accumulate  only 
about  one-half  that  discovered  in  the  cut- 
throat gill. 

The  rate  of  accumulation  of  zinc  in  the  rain- 
bow trout  was  only  75  percent  that  found  in 
the  brooks.     The  final  total  concentration  of 
the  ion  in  48  hours  was  found  to  be  greatest 
in  the  brook  trout,  with  about  95  percent  of 
this   concentration   being   found   in   the   cut- 
throats and  about  70  percent  of  the  highest 
concentration  seen  in  the  rainbows. 
Smith,  Hugh  M.,  and  William  C.  Kendall. 
1921.     Fishes  of  the  Yellowstone  National  Park. 
Report  of  the  U.S.  Commissioner  of  Fish- 
eries for  1921,  App.  3.     pp.  1-30. 
Cutthroat   is   listed   as   one   of   indigenous 
species  in  Yellowstone.     Hatchery  operations 
with  cutthroat  are  described.     Section  on  cut- 
throat gives  detailed  distribution  within  Yel- 
lowstone  Park,   discusses   fishing,   and   gives 
something  on  tapeworm   parasite   of  fish   in 
these  waters. 
Smith,  Osgood  R. 

1941.     The   spawning  habits   of  cutthroat  and 
eastern  brook  trouts.    Journal  of  Wildlife 
Management,  5(4):  461-471. 
Spawning  cutthroat  were  studied  in  Convict 
Creek,  Calif.,  and  observations  made  on  dis- 
tribution of  fish  and  spawning  periods,  num- 
bers  of  eggs  retained  by  females,  spawning 
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activities,    night    spawning,    egg    predation, 
guarding  completed  redd,  and  damage  to  eggs 
by  overlapping  of  redds.     Contains  excellent 
photographs  of  spawning. 
1947.     Returns  from  natural  spawning  of  cut- 
throat   trout    and    eastern    brook    trout. 
Transactions  of  the  American  Fisheries 
Society,  74:281-296. 
Experiments  were  conducted  over  three  sea- 
sons to  determine  number  of  fingerlings  or  fry 
produced  by   natural  spawning  of  cutthroat 
(Salmo  clarkii  henshawi)   and  eastern  brook 
trout   (Salvelinus  fontinalis).     Returns  were 
secured  by  inducing  wild  trout  to  spawn  in 
controlled    and    screened    section    of   stream. 
Resulting  fingerlings  were  collected  by  divert- 
ing water  and  pumping  pools  dry. 

Cutthroat  spawned  in  May  and  fingerlings 
were  recovered  in  September  each  year. 

During  first  summer,  horizontal  screens,  act- 
ing as  fish  traps,  were  used  below  cutthroat 
spawning  areas  so  that  some  fry  were  trapped 
soon  after  emerging  from  gravel.  Other  fry 
remained  in  the  section  and  were  recovered 
in  September.  Minimum  survival  was  about 
17  percent  of  estimated  number  of  eggs  laid. 
Data  were  obtained  on  fry  migration  and 
growth  of  fry  spawned  at  same  time. 

Vertical  screens  were  used  in  all  other  ex- 
periments so  that  all  survivors  were  collected 
in  September.  Survivals  of  cutthroat  ranged 
from  nothing  to  about  6  percent  of  estimated 
number  of  eggs  in  four  trials,  each  trial  sec- 
tion containing  one  to  three  female  spawning 
trout. 
Smith,  S.  B. 

1955.     The  relation  between  scale  diameter  and 
body   length   of  Kamloops  trout,   Salmo 
gairdneri  kamloops.    Journal  of  the  Fish- 
eries Research  Board  of  Canada,  12(5)  : 
742-753. 
The  scale-body  relation  for  Kamloops  trout 
is   very   close   to   direct   proportion   for   fish 
larger  than  4.5  cm.  fork  length.    Observations 
on  steelhead  trout,  Salmo  gairdneri  gairdneri, 
and  on  coastal  cutthroat  trout,  Salmo  clarki 
clarki,   suggest  that  an  isometric  scale-body 
relation  may  exist  among  those  species  also. 
McMynn  and  Vernon  have  shown  relation  in 
cutthroat  to  be  linear  with  a  log-log  regression- 
line  slope  of  1.019,  compared  with  1.024  for 
Kamloops  and  1.010  for  steelhead. 
Snyder,  George  R.,  and  Howard  A.  Tanner. 
1960.     Cutthroat  trout  reproduction  in  the  inlets 
to  Trappers  Lake.     Colorado  Department 
of  Game  and  Fish,  Technical  Bulletin  No. 
7.    pp.  1-86. 


An  evaluation  of  the  reproductive  potential 
of  the  cutthroat  trout  which  spawn  in  the  in- 
let streams  to  Trappers  Lake  in  Colorado  was 
made  from  June  to  September,  1958  and  1959. 
Information  was  recorded  for  times  of  spawn- 
ing runs,  numbers  of  spawners,  sizes  of  spawn- 
ers,  age  distribution  of  spawners,  sex  ratios  in 
spawning  runs,  numbers  of  spawners  return- 
ing to  spawn  the  second  year,  fecundity,  physi- 
cal condition  of  spawning  areas,  times  of  fry 
migration,  numbers  of  fry  migrating,  and  sur- 
vival of  hatching  eggs. 
Snyder,  J.  O. 

1917.     Fishes  of  the  Lahontan  system  of  Nevada 
and  Northeastern  California.    Bulletin  of 
the  U.S.  Bureau  of  Fisheries,  35:31-86. 
In  this  account  of  all  fishes  in  this  basin, 
Salmo  henshawi  is  given   a  long  treatment. 
Details  of  color  patterns  from  different  drain- 
ages are  given,  as  well  as  counts  of  spots  on 
body  areas.     Very  detailed  measurements  of 
specimens  from  different  waters,  of  both  sexes, 
and   of   different   size  groups   are   shown   in 
tables.    Migrations  of  cutthroat  are  discussed. 
The  famous  large  cutthroat  of  Pyramid  Lake 
are  described.     Methods  of  fishing  and  types 
of  gear  used  are  discussed. 
1940.     The  trouts  of  California.    California  Fish 
and  Game,  26(2)  :  96-134. 
Descriptions   of   morphology,    distributions, 
and  biologies  and  life  histories  of  Salmo  clarki, 
Salmo  henshawi,  Salmo  seleniris,  and  Salmo 
pleuriticus  are  given  in  this  treatment  of  trouts 
in  California. 
Suckley,  George. 

1874.     On  the  North  American  species  of  salmon 
and  trout.     Report  of  the  U.S.  Commis- 
sioner of  Fisheries  for  1872-73,  pp.  91- 
160. 
This  catalog  of  North  American  Salmonidae 
classifies  the  genus  Salmo,  with  anadromous 
salmons  and  trouts  separated  from  nonanadro- 
mous   species.     Each   species   is  individually 
treated  with  discussion  of  nomenclature,  mor- 
phological   characteristics,    colors,    diagnostic 
features,  habitat,  life-history  notes.. and  taxo- 
nomic  relations.    Cutthroats  treated  are  Salmo 
tsuppitch  Richardson,  Salmo  clarkii  Richard- 
son,   Salmo   virginalis   Girard,    Salmo    lewisi 
Girard,  Salmo  stellatus  Girard,  Salmo  gibbsii 
Suckley,  and  Salmo  brevivauda  Suckley. 
Sumner,  Francis  H. 

1940.     The  decline  of  the  Pyramid  Lake  fishery. 
Transactions  of  the  American  Fisheries 
Society,  69 :  216-224. 
History   of  Pyramid   Lake    (Nevada)    cut- 
throat trout  {Salmo  henshawi  Gill  and  Jordan) 
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fishery,    conducted    by    reservation    Indians, 
shows  a  rapid  decline  in  catch  within  last  few 
years.     While  the  Indian  is  blamed  for  over- 
fishing, the  white  man's  demand  for  trout,  the 
dams  and  diversions  that  he  built  along  the 
Truckee  River  where  the  trout  have  spawned, 
the  pollutants  that  he  has  dumped  into  the 
river,  the  spawn  that  he  has  taken,  the  com- 
peting species  of  fish  that  he  has  introduced, 
and  principally  the  large  amounts  of  water 
that  he  has   diverted  to  another  watershed, 
have  led  to  a  condition  which  has  prevented 
the  trout  from  reproducing  its  kind.    Revival 
of  the  fishery  is  made  doubtful  by  an  agree- 
ment concerning  use  of  Truckee  River's  flow, 
expense  of  hatching  and  rearing  a  stock  of 
Pyramid  Lake  trout  (not  to  mention  question- 
able availability  of  its  eggs),  and  inadequate 
regulation  of  the' fishery.    The  Pyramid  Lake 
cutthroat  trout  fishery  appears  to  be  doomed. 
1948.     The  coast  cutthroat  trout.    Oregon  State 
Game  Commission  Bulletin,  3(12)  :  1,  6-8. 
Study  on  a  coastal  stream,  Sand  Creek,  was 
begun    in    1946,    with    upstream-downstream 
traps.     "Blue-back"  trout  (salmon-trout,  har- 
vest trout)  appear  in  coastal  streams  in  Octo- 
ber in  many  color  phases.     Upstream  mortality 
was  around  two-thirds.    Sand  Creek  cutthroat 
spend  1  to  5  years  in  the  stream  before  migrat- 
ing to  the  ocean,  most  doing  so  at  3  years  of 
age.     In  the  1946  spawning  run,  19.2  percent 
had  spawned  once  before,  7.0  percent  twice, 
and  1.5  percent  three  times.    Some  may  spawn 
without  ever  having  gone  to  the  ocean. 
1953.     Migrations  of  salmonids  in  Sand  Creek, 
Oregon.     Transactions  of  the  American 
Fisheries  Society,  82 :  139-150. 
Upstream  and  downstream  fish  traps  were 
maintained  on   Sand  Creek,   a   small  Oregon 
trout  stream,  during  four  upstream  and  three 
downstream  fish  runs  (1946-49),  and  a  smaller 
trap  was  operated  on  a  tributary  during  part 
of  1947.     Two  trouts,  Salmo  clarki  clarki  and 
Salmo  gawdneri  gairdneri,  and  two  salmons, 
Oncorhynchus  kisutch  and  Oncorhynchus  keta, 
made  spawning  runs  in  fall  and  winter  ;  down- 
stream migrations  of  fry  and  fingerlings  oc- 
curred in  the  spring. 

Water  temperatures  and  information  on  oc- 
currence and  magnitude  of  freshlets  were 
taken.  Records  on  fish  trapped  included  num- 
bers of  salmonids,  lengths,  weights,  sex  ratios, 
loss  in  weight  after  spawning,  and  survival 
rates. 

Cutthroat  upstream  migrants  ranged  from 
4.0  to  10.7  inches  in  fork  length  for  one  size 
group  and  from  11.0  to  18.6  inches  in  another 


size  group.  Sex  ratios  of  sea-run  cutthroat 
showed  predominance  of  females  (1.00  male 
to  1.69  female).  Weights  of  migrating  cut- 
throat ranged  from  0.50  to  2.94  pounds.  Fork 
lengths  of  downstream  migrants  were  from 
2.7  to  10.9  inches. 

Survival  of  cutthroat  spawners  averaged  32 
percent.    Weight  loss  of  spawners  was  about 
one-third. 
1962.     Migration  and  growth  of  the  coastal  cut- 
throat trout  in  Tillamook  County,  Oregon. 
Transactions  of  the  American  Fisheries 
Society,  91(1)  :  77-83. 
Coastal  cutthroat  trout  (Salmo  clarki  clarki 
Richardson)  were  studied  at  Sand  Creek,  Tilla- 
mook   County,    Oreg.     (1946-49).     Upstream 
runs  occurred  mainly  in  fall  and  early  winter 
months  and  downstream  runs  in  the  spring. 
Upstream  migrant  sea-run  cutthroat  averaged 
13.6  inches,  while  upstream  nonsea  trout  aver- 
aged   6.0    inches,    fork    length.     Downstream 
trout,  mainly   initial   migrants,   averaged  5.7 
inches   long.     Of  summer-resident  trout,   8.7 
percent  were  of  legal  angling  length.     Scales 
of  sea-run  trout  gave  ages  of  2  to  10  years, 
with  different  combinations  of  stream  and  sea 
life.     Most  sea-run  trout  spawned  after  one 
season  in  the  sea  and  a  third  of  the  run  had 
spawned  one  to  three  times.    Growth  was  back 
calculated  from  scale  reading.     Survival  fig- 
ures are  given. 
Tanner,  V.  M. 

1936.     A  study  of  the  fishes  of  Utah.     Proceed- 
ings of  the  Utah   Academy   of   Science, 
Arts,  and  Letters,  13 :  155-184. 
This  treatment  of  fishes  of  Utah  has  keys 
to  several  forms  of  cutthroat,  and  a  discussion 
of  findings  of  some  early  explorers  with  regard 
to  distribution  and  abundance  of  cutthroat  in 
Utah  waters. 
Tanner,  V.  M.,  and  Sheldon  P.  Hates. 
1933.     The  genus  Salmo  in  Utah.     Proceedings 
of  the  Utah  Academy  of  Science,  Arts,  and 
Letters,  10 :  163-164. 
Two   cutthroats,    8.    utah    Suckley   and   8. 
pleuriticus  Cope,  are  in   Utah.     Yellowstone 
and  Pyramid  Lake  cutthroats  have  been  in- 
troduced and  have  mixed  with  native  forms.  | 
Suckley,  Goode,   Jordan  and  Evermann,   and 
Cope  are  quoted  with  regard  to  cutthroats  on 
which  they  worked. 
Thompson,  R.  B. 
1959.     Tricaine  Methanesulfonate  (M.S.  222)  in 
transport  of  cutthroat  trout.    Progressive 
Fish-Culturist,  21(2)  :  96. 
Tricaine  methanesulfonate  was  used  to  re- 
duce the   water-to-fish   ratio  for  planting  of 


REVISED    BIBLIOGRAPHY    ON   THE    CUTTHROAT    TROUT 


31 


cutthroat  trout  near  Seattle,  Wash.  The  best 
method  was  to  use  500  ml.  of  a  1 :  40,000  con- 
centration of  the  agent  in  1-quart  plastic  food 
containers.  Thus,  500  cutthroat,  3,000  to  the 
pound,  were  put  into  each  container,  the  lid 
sealed,  and  the  container  put  into  an  iced  picnic 
bag.  Three  hours  later,  only  19  out  of  2,000 
fish  were  considered  to  be  dead. 
Tryon,  C.  A.  Jr. 

1943.     The  effect  of  covering  hatchery  troughs 
on  the  growth  of  cutthroat  trout  (Salmo 
clarkii).     Transactions  of  the  American 
Fisheries  Society,  72 :  145-149. 
An  experiment  was  designed  and  carried  out 
to  test  effect  of  covered  troughs  on  growth 
rate   of  cutthroat   trout   at   Bozeman,   Mont. 
Analysis  of  data  showed  trout  in  open  troughs 
to  have  significantly  greater  growth  rate  than 
those  in  covered  troughs.    Growth  rate  in  open 
troughs  was  greater  by  13.8  percent. 
Tunison,  A.  V.,  and  C.  M.  McCay. 
1933.     The   nutritional    requirements    of    brook 
trout.     Transactions    of    the    American 
Fisheries  Society,  63  :  167-177. 
In  this  study  on  nutrition  of  trout  a  group  of 
cutthroat  trout  became  infested  with  Octomitis 
salmonis.    Antiseptics  were  fed  in  liver.    Con- 
trol of  moving  forms  was  achieved  with  mer- 
curous   chloride,   0.2  percent,   Hexamethylen- 
amine,  0.5  percent,  and  Naphthol   (beta),  0.5 
percent,    and    partial    control    with    carbon 
tetrachloride,  0.2  percent. 
Turner,  C.  L. 

1946.     A  case  of  hermaphroditism  in  the  cut- 
throat trout.     Chicago  Academy  of  Sci- 
ences Natural  History,  Miscellanea  No.  1, 
pp.  1-2. 
A  female  cutthroat    (Salmo  clarkii)    from 
Yellowstone  Lake  was  examined  by  the  author. 
Ovaries  were  normal.    At  the  anterior  end  of 
the  right  ovary  was  a  flattened  oval  mass, 
which  was  examined  histologically.    This  was 
a  small  testis,  with  mature  spermatozoa  and 
nests  of  spermatogonia. 

Hermaphroditism  as  a  normal  situation  in 
other  fishes  is  discussed. 
United     States     Commission     of     Fish     and 
Fisheries. 

1900.     A  manual  of  fish  culture.     From  Report 
of  the  U.S.  Commissioner  of  Fisheries  for 
1897.     340  pp. 
This  manual  deals  with  all  aspects  of  culture 
of  fishes  raised  in  the  United  States.    A  small 
section  is  devoted  to  cutthroats. 
Vernon,  E.  H.,  and  R.  G.  McMynn. 
.957.     Scale  characteristics  of  yearling  coastal 
cutthroat  and  steelhead  trout.     Journal 


of  the  Fisheries  Research  Board  of  Can- 
ada, 14(2)  :  203-212. 
Some  scale  characteristics  of  88  yearling 
coastal  cutthroat  trout  (Salmo  clarki  clarki) 
and  96  yearling  steelhead  (Salmo  gavrdneri) 
were  compared  in  some  detail.  Although  the 
number  of  diagonal  scale  rows  above  the 
lateral  line  was  significantly  higher  in  cut- 
throat, counts  of  the  two  species  overlap. 
Correlation  of  scale  circuli  counts  with  scale 
diameter  was  0.94  for  steelhead  and  0.90  for 
cutthroat.  At  any  given  scale  size,  cutthroat 
scales  had  8  percent  more  circuli  than  steel- 
head scales.  Measurements  of  lateral  and 
longitudinal  diameters  and  anterior  radii  of 
scales  show  that  the  anterior  portions  of  cut- 
throat scales  tend  to  be  longer  and  narrower 
than  those  of  steelhead. 

Regression  analyses  of  each  scale  measure- 
ment on  fork  length  indicated  that,  for  any 
given  fork  length,  cutthroat  scales  are  smaller 
than  those  of  steelhead,  the  greatest  difference 
being  apparent  when  anterior  radii  are  com- 
pared. Growth  of  scales  in  a  dorsoventral 
plane  approximates  isauxesis  in  relation  to 
fork  length,  but  scale  growth  in  a  longitudinal 
plane  tends  toward  positive  heterauxesis 
which  is  particularly  pronounced  in  the  an- 
terior portions  of  scales. 

Multiple  regression  analyses  of  scale  diam- 
eter, scale  row  count,  and  fork  length  indicated 
that  the  smaller  size  of  cutthroat  scales  is  not 
balanced  by  proportionate  increase  in  their 
number.  When  scale  diameter  is  adjusted  for 
scale  number  and  fork  length,  cutthroat  scales 
are  15.6  percent  smaller  than  those  of  steel- 
head, indicating  that  young  cutthroat  are  cov- 
ered by  their  scales  with  less  overlap. 

Wales,  J.  H. 

1957.     Trout  of  California.     California  Depart- 
ment of  Fish  and  Game,  Sacramento.    56 
pp. 
The  coast  cutthroat  trout,   the  Piute  cut- 
throat trout,  and  the  Lahontan  cutthroat  trout 
are  discussed  with  regard  to  distinguishing 
characteristics,  distribution  in  California,  and 
interesting  facts.    A  figure  of  each  subspecies 
is  given. 

Ward,  H.  B. 

1923.     The  pelicans  of  Yellowstone  Lake.    Type- 
written report  to  the  U.S.  Bureau  of  Fish- 
eries,   pp.  1-20. 
Relations  of  the  white  pelican  and  the  fish 
of  Yellowstone  Lake  in  1922.     Feeding  habits 
of  the  pelicans  were  closely  observed.    Of  the 
fish   eaten,  98  percent  were  cutthroat  trout. 
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It  is  estimated  that  350,000  cutthroat  were 
taken  by  pelicans  in  1922. 
Weiskl,  George  F. 

1957.     Fish  guide  for  intermountain   Montana. 
Montana    State    University    Press,    Mis- 
soula.    88  pp. 
This  contains  a  discussion  of  the  differences 
between  Salmo  clarki  clarki  and  8.  c.  lewisi 
in    Montana.      Some    notes    on    biology    and 
spawning  habits  are  included. 
Welsh,  James  P. 

1952.     A  population  study  of  Yellowstone  black- 
spotted  trout   (Salmo  clarkii  lewisi  Gir- 
ard).     Ph.  D.  dissertation,  Leland  Stan- 
ford Junior  University,     pp.  1-180. 
A  study  of  cutthroat  populations  in  Arnica 
Creek,  tributary  of  Yellowstone  Lake,  Yellow- 
stone National  Park,  was  made  in  1950  and 
1951.    Sex  ratio  in  the  1951  runs  was  90  males 
to  102  females.     Length-weight  regression  of 
Arnica  Creek  resident  trout  was  calculated  at 
Log  Y=3.002  Log  X— 5.063.    Egg  counts  ranged 
from  745  to  1,495  per  female.    Times  of  spawn- 
ing runs  and  their  variation  within  the  season 
are  discussed  at  length. 
Whitney,  Akthur  N.,  and  John  C.  Spindler. 
1959.     Effects  of  kraft  paper  wastes  on  a  Mon- 
tana stream.    Transactions  of  the  Amer- 
ican Fisheries  Society,  88(2)  :  153. 
A  paper  mill  began  operating  in  November 
1957   on  the  Clark  Fork  River,   discharging 
kraft  process  wastes  into  the  river.    Cutthroat 
and  other  fish  were  found  dead  for  25  miles 
downstream  the  following  July,  and  patholog- 
ical examination  showed  death  to  be  by  poison- 
ing.   Bottom  fauna  were  seriously  reduced  at 
a  station  2  miles  downstream.    Rainbows  in 
live  cars  one-half  mile  below  the  effluent  outlet 
all  died  in  30  hours. 
Wilde,  Earl. 

1961.     Cutthroat  brood  stock.     Wyoming  Wild- 
life, 25(5)  :  25-27. 
The  decline  of  the  cutthroat  in  the  Rocky 
Mountains  is  discussed,  and  the  development 
of  a  brood  stock  of  Snake  River  cutthroat  is 
described.    Details  of  the  culture  of  eggs  and 
fry  leading  to  the  brood  stock  are  given,  and 
the  care  and  use  of  the  progeny  are  discussed. 
There  is  promise  that  selective  breeding  will 
result  in  earlier  dates  of  maturity  and  im- 
proved brood  stock. 
Willoughby,  Harvey. 

1951.  Age  and  growth  of  the  cutthroat  trout, 
Salmo  clarkii  lewisi,  in  Yellowstone  Lake. 
Yellowstone   Nature   Notes,    Yellowstone 


Library  and  Museum  Association,  25(3)  : 
29-32. 
Scales  were  read  from  523  cutthroat  col- 
lected from  Yellowstone  Lake  in  1949.     Age 
distribution   and   growth   rate   were   figured. 
Year  class  IV  was  best  represented,  followed 
by  III,  V,  and  VI. 
Wolf,  Ken. 

1954.     Progress  report  on  blue-sac  disease.    Pro- 
gressive Fish-Culturist,  16(2)  :  51-59. 
In  this  report  on  the  history,  symptoms,  and 
course  of  blue-sac  disease,  the  appearance  of 
the  disease  in  Yellowstone  cutthroat  is  treated. 
Photographs  of  normal  and  diseased  cutthroat 
are  shown. 
Wood,  E.  M.,  and  W.  A.  Dunn. 
1948.     Fact  and   fiction  in  spawntaking.     Pro- 
gressive Fish-Culturist,  10(2)  :  67-72. 
Taking   of   Yellowstone   cutthroat   eggs   at 
Yellowstone  Lake  is  described,  and  the  best 
methods   discussed.     Water-hardening,   male- 
female  ratio,  water  in  the  spawning  pan,  effects 
of  impurities,  and  general  practices  are  treated 
in  the  discussion. 
Woodbury,  L.  A. 

1934.    Parasites  and  diseases  of  the  trout  of 
Yellowstone  Lake  (Salmo  lewisi).    Mas- 
ter's thesis,  University  of  Utah.    pp.  1-60. 
Treats  body  constants  of  Yellowstone  cut- 
throat, food  habits  in  relation  to  parasites, 
neoplasms,  muscular  abcess,  subcutaneous  ab- 
cess,   gill  disease,  phycomycetosis,  protozoan 
infestation,  trematodes,   cestodes,  nematodes, 
acanthocephala,  and  copepoda. 

WUSTENBERG,    DONALD   WILLIAM. 

1954.     A  preliminary  survey  of  the  influences  of 
controlled  logging  on  a  trout  stream  in  the 
H.  J.  Andrews  Experimental  Forest,  Ore- 
gon.    Master  of  science  thesis,   Oregon 
State  College.    51  pp. 
In  a  study  of  methods  and  effects  of  logging, 
it  was  found  that  populations  of  cutthroat 
trout  were  eliminated  from  three  small  tribu- 
taries as  a  result  of  logging  operations. 
Wyatt,  Bruce. 

1959.    Observations  on  the  movements  and  re* 
production  of  the  Cascade  form  of  cut- 
throat trout.     Master  of  science  thesis, 
Oregon  State  College.    60  pp. 
Cutthroat   in   Lookout   Creek  on   the   Wil- 
lamette National  Forest  were  studied  in  1956 
and  1957.    Of  the  trout  in  the  system,  95  per- 
cent were  less  than  4  years  old.     No  down- 
stream movement  of  adults  was  seen.    Two  up- 
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stream  movements,  one  from  October  through       1874.     On  the  speckled  trout  of  Utah  Lake,  Salmo 

January,  and  the  other  from  March  to  June,  virginalis    Girard.      Report   of   the   U.S. 

took  place.     The  spring  movement  was  a  re-  Commissioner  of   Fisheries  for  1872-73, 

productive  migration.    Fry  moved  downstream  App.  B,   Ch.  XII,  pp.  363-368. 

from  June  to  August.     Small  tributaries  may  Life  history   of  red-throated  trout,   Salmo 

be  insignificant  as  brood  waters  for  Lookout  virginalis,  in  Utah  Lake,  treating  spawning, 

Creek.  feeding,    and    movements.      Maximum    length 

Yarrow,  H.  C.  was  3  feet,  maximum  weight  15^  pounds. 
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Juday,  1907a. 

Kendall,  1915. 

Land,  191J. 
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Mason,  1953. 
Miller,  R.  R.,  1950. 
Mottley,  1934. 
Rounsefell,  1962. 
Schultz,  1941. 
Simon,  1946. 
Snyder,  1940. 

Wales,  1957. 
Ecology : 

Echo,  1956. 

Irving,  1953. 
Eggs: 

Ball  and  Cope,  1961. 

Barrett,  1951. 

Beal,  1959. 

Cope,  1957b. 

Cramer,  1940. 

Foster,  1933. 

Irving,  1956. 

Leach,  1939. 

Lord,  1930. 

Merriman,  1935. 

Rounsefell,  1957,  1962. 

Rucker,  Conrad,  and  Dickeson,  1960. 

Smith,  1941. 

Welsh,  1952. 

Wood  and  Dunn,  1948. 
Environment : 

Gard,  1953. 

Mason,  1953. 
Equilibrium  yield : 

Bulkley,  1961. 
Evolution : 

Miller  and  Alcorn,  1946. 

Mottley,  1954. 

Needham  and  Behnke,  1962. 
Excretory  tissue : 

Holmes  and  Stott,  1960a,b. 
Exploitation : 

Bilton,  1952. 

Bilton  and  Shepard,  1955. 

Bjornn,  1957. 

Cope,  1953, 1957a. 

Irving,  1956. 

McConnell,  Clark,  and  Sigler,  1957. 

Miller,  1957b. 
Feeding : 

Benson,  1961. 

Biesinger,  1961. 

Brown  and  Buck,  1939. 

Cope  and  Yarrow,  1875. 

Dimick  and  Merryfield,  1945. 

Donaldson  and  Foster,  1938. 

Juday,  1907a. 

Muttkowski,  1925. 

Robertson,  1947. 


Fertility : 

Barrett,  1951. 
Fertilization : 

Rucker,  Conrad,  and  Dicketon,  1960. 
Fish  Lake,  Utah : 

Hildebrand  and  Towers,  1927. 
Food: 

Bachman,  1958. 

Bean,  1894a. 

Bulkley,  1959. 

Calhoun,  1944b. 

Chapman  and  Quistorff,  1938. 

Cope  and  Yarrow,  1875. 

Dimick  and  Mote,  1934. 

Echo,  1956. 

Fleener,  1952. 

Griffiths  and  Yoeman,  1940. 

Hazzard  and  Madsen,  1933. 

Hildebrand  and  Towerg,  1927. 

Huey,  1956. 

Irving,  1956. 

Jeppson  and  Platts,  1959. 

Juday,  1907b. 

Kemmerer,  Bovard,  and  Boorman,  19t4. 

Muttkowski,  1925. 

Platts,  1959b. 

Reed,  1963. 

Woodbury,  1934. 
Furunculosis : 

Post,  1959, 1962. 
Gallatin  River,  Mont. : 

Purkett,  1951. 
Gas-bubble  disease : 

Rucker  and  Hodgeboom,  1953. 
Genetics : 

Miller,  1957b. 
Glacier  Park : 

Hazzard  and  Madsen,  1933. 

Schultz,  1941. 
Glycogen : 

Hochachka,  1961. 

Hochachka  and  Sinclair,  1962. 
Grand  Teton  National  Park : 

Hazzard,  1932. 
Growth : 

Bonham  and  Williams,  1948. 

Bulkley,  1959, 1961. 

Echo,  1956. 

Fleener,  1952. 

Hartman,  1956. 

Irving,  1956. 

Laakso  and  Cope,  1956. 

Leach,  1939. 

Madsen,  1940. 

Pechacek,  1956. 

Platts,  1958. 
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Growth — Continued 

Purkett,  1951. 

Robertson,  1947. 

Sumner,  1962. 

Tryon,  1943. 

Willoughby,  1951. 
Habits : 

Bean,  1894a. 

Haig-Brown,  1939. 

Henshall,  1902,  1906. 

Jordan  and  Evermann,  1902. 

Juday,  1907a. 

Neave,  1949. 
Handling : 

Black  and  Barrett,  1957. 
Hayden  Lake,  Idaho: 

Jeppson  and  Platts,  1959. 

Kemmerer,  Bovard,  and  Boorman,  1924. 
Heenan  Lake,  Calif. : 

Calhoun,  1944b. 

Calif.  Dept.  Fish  and  G^me,  1956. 
Hemoglobin : 

Hochachka,  1963. 
Henrys  Lake,  Idaho: 

Irving,  1953,  1956. 
Hermaphroditism : 

Benson,  1958. 

Turner,  1946. 
Homing : 

Ball,  1955. 

Platts,  1959a. 
Hybrid : 

Donaldson,  Hansler,  and  Buckridge,  1957. 

Dymond,  1932. 

Hartman,  1956. 

Madsen,  D.,  1936. 

Miller,  1957b. 

Miller  and  Alcorn,  1946. 

Needham  and  Gard,  1959. 

Rounsefell,  1962. 

Simon,  1946. 
Hyoid  teeth: 

Bulkley,  1963. 
Ichthyophthiriasis : 

Johnson,  1961. 
Idaho : 

Bachman,  1958. 

Beal,  1959. 

Bjornn,  1957,  1958,  1961. 

Irving,  1953,  1956. 

Jeppson  and  Platts,  1959. 

Kemmerer,  Bovard,  and  Boorman,  1924. 

McConnell,  Clark,  and  Sigler,  1957. 

Oien,  1957. 
Illustrations : 

Dymond,  1932. 

Evermann  and  Goldsborough,  1907. 


Fish,  1934. 

Simon,  1946. 

Smith,  1941. 
Immatures : 

Ball  and  Cope,  1961. 

Benson,  1960. 
Infectious  pancreatic  necrosis : 

Parisot,  Yasutake,  and  Bressler,  1963. 
Intermountain  region : 

Locke,  1929. 
Jackson  Lake: 

Hazzard,  1932. 

Hazzard  and  Madsen,  1933. 
Lactic  acid: 

Black  and  Barrett,  1957. 

Miller,  1958. 
Lahontan  system : 

Snyder,  1917. 
Lake  Tahoe: 

Benson  and  Behnke,  1961. 

Juday,  1907a. 
Lakelse  Lake,  British  Columbia: 

Bilton,  1952. 

Bilton  and  Shepard,  1955. 
Leech : 

Cope,  1958b. 
Lengths : 

Bulkley,  1959,  1961. 

Cope,  1953b,  1957b. 

Irving,  1953,  1956. 

Rasmussen,  D.  H.,  1956. 
Lengths,  conversion  factors: 

Cope,  1953b. 
Length-weight : 

Bachman,  1958. 

Bonham  and  Williams,  1948. 

Fleener,  1952. 

Irving,  1953. 

Madsen,  1940. 

Rasmussen,  D.  H.,  1956. 

Welsh,  1952. 
Life  history : 

Bjornn,  1957,  1958. 

Carlander,  1950,  1953. 

Cope  and  Yarrow,  1875. 

DeWitt,  1954a. 

Foster,  1933. 

Hagen,  1958. 

Haig-Brown,  1939. 

Hazzard,  1932. 

McConnell,  Clark,  and  Sigler,  1957. 

Neave,  1949. 

Platts,  1957. 

Snyder,  1940. 

Suckley,  1874. 

Sumner,  1948. 

Yarrow,  1875. 
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Light : 

Benson,  1960. 
Limnology : 

Benson,  1961. 
Logan  River,  Utah: 

Fleener,  1952. 

Pechacek,  1950. 
Logging : 

Bachman,  1958. 

Oien,  1957. 

Wustenberg,  1954. 
Management : 

Beal,  1959. 

Biesinger,  1961. 

Dymond,  1928. 

Madsen,  D.,  1936. 

Miller,  1955. 
Marking : 

Progressive  Fish-Culturist,  1952. 
Migration : 

Ball  and  Cope,  1961. 

Benson,  1960. 

Bjornn,  1957. 

Bulkley,  1959. 

Cope,  1956, 1957b. 

Cramer,  1940. 

Dimick  and  Merryfield,  1945. 

Dymond,  1932. 

Haig-Brown,  1939. 

Mason,  1953. 

Snyder,  1917. 

Snyder  and  Tanner,  1960. 

Sumner,  1948, 1953, 1962. 

Welsh,  1952. 
Montana : 

Echo,  1956. 

Evermann,  1893. 

Hanzel,  1961. 

Henshall,  1906. 

Purkett,  1951. 

Schoenthal,  1963. 

Schultz,  1941. 

Tryon,  1943. 

Whitney  and  Spindler,  1959. 
Morphology : 

Code,  1950. 

DeWitt,  1954a. 

Dymond,  1932. 

Gard,  1953. 

Gilbert  and  Evermann,  1894. 

Qadri,  1959. 

Snyder,  1940. 

Suckley,  1874. 

Vernon  and  McMynn,  1957. 
Mortality : 

Ball  and  Cope,  1961. 

Johnson  and  Brice,  1952, 1953. 


Miller,  1958. 

Platts,  1959a. 
Movement : 

Ball,  1955. 

Benson,  1961. 

Cope  and  Yarrow,  1875. 

Jordan,  1907. 

Miller,  1954a. 

Neave,  1949. 

Needham  and  Cramer,  1943. 

Platts,  1959a. 

Yarrow,  1874,  1875. 

Wyatt,  1959. 
Nevada : 

Cope  and  Yarrow,  1875. 

Jordan  and  Henshaw,  1879. 

Miller  and  Alcorn,  1946. 

Sumner,  1940. 

Snyder,  1917. 
New  Mexico : 

Cope  and  Yarrow,  1875. 

Gee,  1941, 1942. 

Huey,  1956. 

Huey  and  Wolf  rum,  1956. 

Miller,  1950. 
North  America : 

Kendall,  1920. 

Mason,  1953. 

Rounsefell,  1957, 1962. 

Suckley,  1874. 
Northwestern  United  States : 

Kemmerer,  et  al.,  1924. 

Schultz,  1934. 
Nutrition : 

Tunison  and  McCay,  1933. 
Oregon : 

Cramer,  1940. 

Dimick  and  Merryfield,  1945. 

Dimick  and  Mote,  1934. 

Griffin,  1938. 

Griffiths  and  Yoeman,  1940. 

Johnson  and  Brice,  1952, 1953. 

Jordan,  1907. 

Progressive  Fish-Culturist,  1952. 

Rayner,  1947. 

Schneider  and  Phillips,  1943. 

Schultz,  1936. 

Sumner,  1948, 1953, 1962. 

Wustenberg,  1954. 

Wyatt,  1959. 
Ovarian  fluid : 

Rucker,  Conrad,  and  Dickeson,  1960. 
Overfishing : 

Bjornn,  1958. 
Pacific  Coast: 

Jordan,  1907. 
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Parasites : 

Bangham,  1951. 

Bangham  and  Adams,  1954. 

Davis,  1947,  1953. 

Hall,  M.  C.,  1930. 

Jordan,  1891b. 

Kendall,  1915. 

Leach,  1923,  1939. 

Linton,  1891a,b,  1893. 

Simon,  1935,  1939,  1953. 

Woodbury,  1934. 
Pathology : 

Rucker,  Yasutake,  and  Wolf,  1961. 
Payette  Lake,  Idaho: 

Kemmerer,  Bovard,  and  Boorman,  1924. 
Pelicans : 

Ball  and  Cope,  1961. 

Hall,  E.  R.,  1925. 

Hall,  M.  C,  1930. 

Rich,  1924. 

Ward,  1923. 
Pend  Oreille  Lake,  Idaho: 

Kemmerer,  Bovard,  and  Boorman,  1924. 
Plankton : 

Benson,  1961. 
Pollution : 

Dimick  and  Merryfield,  1945. 

Pautzke,  1938. 

Whitney  and  Spindler,  1959. 
Population  density : 

Miller,  1957b. 
Predation : 

Ball  and  Cope,  1961. 

Hall,  1925. 

Rich,  1924. 

Ricker,  1941. 

Simon,  1939,  1953. 
Priest  Lake,  Idaho : 

Bjornn,  1957,  1958,  1961. 

Kemmerer,  Bovard,  and  Boorman,  1924. 
Production : 

Benson,  1960. 

Cope,  1957a. 

DeWitt,  1954b. 

Drummond  and  Tanner,  1960. 

Griffiths  and  Yoeman,  1940. 

Schneider  and  Griffiths,  1943. 

Smith,  1947. 
Pyloric  caeca: 

Hartman,  1956. 

Rounsefell,  1962. 
Pyramid  Lake,  Nevada: 

Hall,  1925. 

Snyder,  1917. 

Sumner,  1940. 
Pyridylmercuric  acetate : 

Hammer,  1960. 


Races : 

Cope,  1957b. 

Dimick  and  Merryfield,  1945. 

Donaldson,  Hansler,  and  Buckridge,  1957. 
Reproduction : 

Bulkley,  1959. 

Snyder  and  Tanner,  1960. 

Wyatt,  1959. 
Respiration : 

Holmes  and  Stott,  1960a,b. 
Rhabdomyosarcoma : 

Adami,  1908. 
Rio  Grande  River: 

Jordan,  1920. 
Rocky  Mountains : 

Hagen,  1958. 

Henshall,  1902. 

Madsen,  D.,  1936. 

Rasmussen,  D.  I.,  1941. 

Weisel,  1957. 

Wilde,  1961. 
Rogue  River,  Oreg. : 

Griffin,  1938. 
Salmo  clarki  alpestris: 

See  Cutthroat,  mountain. 
Salmo  bouvieri: 

See  Trout,  Waha  Lake. 
Salmo  brevicauda: 

Suckley,  1874. 
Salmo  clarki  clarki: 

See  Cutthroat,  coastal. 
Salmo  clarki  henshawi: 

See  Cutthroat,  Lahontan. 
Salmo  clarki  lewisi: 

See  Cutthroat,  Yellowstone. 
Salmo  clarki  macdonaldi: 

See  Trout,  yellow-finned. 
Salmo  clarki  selenirus: 

See  Cutthroat,  Piute. 
Salmo  clarki  stomias: 

See  Trout,  green-backed. 
Salmo  evermanni: 

Benson  and  Behnke,  1961. 

Gard,  1953. 
Salmo  gibbsi: 

Hazzard  and  Madsen,  1933. 

Suckley,  1874. 
Salmo  my  kiss: 

See  Trout,  red-throated. 
Salmo  pleuriticus: 

See  Cutthroat,  Colorado  River. 
Salmo  seleniris: 

Snyder,  1940. 
Salmo  spilurus: 

See  Trout,  Rio  Grande. 
Salmo  stellatus: 

Suckley,  1874. 
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Salmo  tsuppitch: 

See  Trout,  black. 
Salmo  virginalis: 

See  Trout,  red-throated. 
Sand  Creek,  Oregon : 

Sumner,  1948, 1953, 1962. 
Santa  Fe  National  Forest : 

Gee,  1941. 
Scales : 

Hartman,  1956. 

Laakso,  1955. 

Laakso  and  Cope,  1956. 

Neave,  1936, 1943. 

Needham  and  Gard,  1959. 

Qadri,  1959. 

Rounsefell,  1962. 

Vernon  and  McMynn,  1957. 
Scale  formation : 

Brown  and  Bailey,  1952. 

Laakso  and  Cope,  1956. 

Neave,  1936, 1943. 
Sediment : 

Cordone  and  Kelley,  1961. 

Griffin,  1938. 
Sex  ratio : 

Ball  and  Cope,  1961. 

Bulkley,  1959. 

Hartman,  1956. 

Irving,  1953, 1956. 

Madsen,  M.,  1940. 

Snyder  and  Tanner,  1960. 

Sumner,  1953. 

Welsh,  1952. 
Sheep  Creek,  Utah : 

Code,  1950. 
Shiner,  redside : 

Biesinger,  1961. 
Shocking : 

Morris,  1950. 
Snake  River : 

Bangham,  1951. 

Jordan,  1890. 

Rasmussen,  D.  H.,  1956, 1960. 
Soils : 

Benson,  1961. 
Spawning : 

Ball  and  Cope,  1961. 

Calhoun,  1944a. 

Cope,  1957c. 

Cope  and  Yarrow,  1875. 

Cramer,  1940. 

Dimick  and  Merryfield,  1945. 

Drummond  and  Tanner,  1960. 

Dymond,  1932. 

Foster,  1933. 

Hazzard,  1932. 

Juday,  1907a. 


Leach,  1939. 

Mason,  1953. 

Neave,  1949. 

Platts,  1957. 

Smith,  1941. 

Snyder  and  Tanner,  1960. 

Sumner,  1948. 

Weisel,  1957. 

Yarrow,  1874, 1875. 

Wood  and  Dunn,  1948. 
Speciation : 

Jordan,  1928. 
Sperm : 

Barrett,  1951. 

Rucker,  Conrad,  and  Dickeson,  1960. 
Spirit  Lake,  Idaho : 

Kemmerer,  Bovard,  and  Boorman,  1924. 
Spotting : 

Bulkley,  1963. 
Stocking : 

Beal,  1959. 

Bjornn,  1957. 

Calhoun,  1944a. 

Gee,  1942. 

Madsen,  1936. 

Miller,  1952. 

Schneider  and  Phillips,  1943. 

Thompson,  R.  B.,  1959. 
Strawberry  Reservoir,  Utah : 

Hazzard  and  Madsen,  1933. 

Platts,  1958, 1959b. 
Sucker,  longnose : 

Biesinger,  1961. 
Survival : 

Miller,  1952, 1954b,  1955, 1958. 

Snyder  and  Tanner,  1960. 

Welsh,  1952. 
Tagging : 

Ball,  1955. 

Ball  and  Cope,  1961. 

Miller,  1957a. 

Pechacek,  1956. 
Territory : 

Miller,  1957a. 
Thompson  Lake,  Mont. : 

Echo,  1956. 
Toxicity : 

Hammer,  1960. 
Trapper's  Lake : 

Drummond  and  Tanner,  1960. 
Tricaine  methanesulf onate : 

Thompson,  R.  B.,  1959. 
Trout,  black : 

Jordan  and  Henshaw,  1879. 

Suckley,  1874. 
Trout,  Clark's : 

See  Trout,  red-throated. 
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Trout,  green-backed : 

Bulkley,  1959. 

Ellis,  1914. 

Greene,  1937. 

Jordan,  1891a. 

Jordan  and  Evermann,  1902. 

Land,  1913. 

Simon,  1946. 
Trout,  red-throated : 

Bean,  1894a. 

Cope  and  Yarrow,  1875. 

Evermann,  1893. 

Jordan,  1890, 1891a,  1891b,  1920. 

Kendall,  1920. 

Linton,  1891a,  b,  1893. 

Suckley,  1874. 

Yarrow,  1874, 1875. 
Trout,  Rio  Grande : 

Cope  and  Yarrow,  1875. 

Ellis,  1914. 

Greene,  1937. 

Jordan,  1891a,  1920. 

Land,  1913. 
Trout,  Rocky  Mountain  : 

See  Trout,  red-throated. 
Trout,  Waha  Lake : 

Jordan,  1891a. 
Trout,  yellow-finned : 

Ellis,  1914. 

Greene,  1937. 

Jordan,  1891a. 

Jordan  and  Evermann,  1902. 
Trypan  Blue : 

Progressive  Fish-Culturist,  1952. 
Tumor : 

Adami,  1908. 
Twin  Lakes,  Colo. : 

Juday,  1907b. 
Two-Ocean  Pass,  Wyo. : 

Daniels,  1952. 

Jordan,  1928. 
Upper  Blue  Lake,  Calif. : 

Calhoun,  1944a,b. 
Upper  Pecos  River,  N.  Mex. : 

Gee,  1941. 
Utah: 

Cope,  1955. 

Cope  and  Yarrow,  1875. 

Fleener,  1952. 

Foster,  1933. 

Hatton,  1932. 

Jordan,  1891a. 

Laakso,  1955. 

Lord,  1930. 

McConnell,  Clark,  and  Sigler,  1957. 

Pechacek,  1950. 

Platts,  1957, 1958, 1959b. 


Tanner,  1936. 

Tanner  and  Hayes,  1933. 

Yarrow,  1874. 
Utah  Lake : 

Hatton,  1932. 

Yarrow,  1874. 
Vertebrae : 

Hartman,  1956. 

Mottley,  1937. 

Needham  and  Gard,  1959. 

Qadri,  1959. 

Rounsefell,  1962. 
Viability : 

Hartman,  1956. 
Washington : 

Chapman  and  Quistorff,  1938. 

Pautzke,  1938. 

Schultz,  1936. 

Thompson,  R.  B.,  1959. 
Water  levels : 

Benson,  1960. 

Bulkley  and  Benson,  1962. 
Water  quality : 

Benson,  1961. 
Western  United  States : 

DeWitt,  1954b. 

Miller,  1950. 
Willamette  River : 

Dimick  and  Merryfield,  1945. 
Wind  River  Range,  Wyoming : 

Robertson,  1947. 
Winterkill : 

Rasmussen,  1960. 
Wyoming  (not  including  Yellowstone) 

Beal,  1959. 

Evermann,  1893. 

Grasse,  1949. 

Hazzard,  1932. 

Jordan,  1928. 

Pechacek,  1956. 

Rasmussen,  D.  H.,  1956. 

Robertson,  1947. 

Simon,  1946. 

Wilde,  1961. 
Year-class : 

Benson,  1960. 

Bulkley,  1961. 

Bulkley  and  Benson,  1962. 
Yellowstone  Lake : 

Ball,  1955. 

Ball  and  Cope,  1961. 

Bangham,  1951. 

Benson,  1958, 1960, 1961. 

Biesinger,  1961. 

Brown  and  Bailey,  1952. 

Bulkley,  1961,  1963. 

Bulkley  and  Benson,  1962. 


REVISED    BIBLIOGRAPHY    ON    THE    CUTTHROAT    TROUT 


43 


Cope,  1953a,b,  1956,  1957a,b,c,  1958b. 

Hall,  M.  C,  1930. 

Jordan,  1890, 1891b. 

Kendall,  1915. 

Laakso,  1956. 

Laakso  and  Cope,  1956. 

Linton,  1891a, b,  1893. 

Madsen,  M.,  1940. 

Moore,  Cope,  and  Beckwith,  1952. 

Muttkowski,  1925, 1929. 

Rich,  1924. 

Simon,  1935, 1936, 1939, 1946, 1953, 1962. 


Smith  and  Kendall,  1921. 

Turner,  1946. 

Ward,  1923. 

Welsh,  1952. 

Willoughby,  1951. 

Wood  and  Dunn,  1948. 

Woodbury,  1934. 
Yellowstone  River : 

Ball  and  Cope,  1961. 

Cope,  1961. 
Zinc : 

Slater,  1961. 
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Created  by  act  of  Congress  in  1849,  the  Department  of  the 
Interior  is  responsible  for  a  wide  variety  of  programs  concerned 
with  the  management,  conservation,  and  wise  development  of 
America's  natural  resources.  For  this  reason  it  often  is  described 
as  a  Department  of  Conservation. 

Through  a  score  of  bureaus  and  offices  the  Department  has 
responsibility  for  the  use  and  management  of  millions  of  acres 
of  federally  owned  lands;  administers  mining  and  mineral  leas- 
ing on  a  sizable  area  of  additional  lands;  irrigates  reclaimed 
lands  in  the  West ;  manages  giant  hydroelectric  power  systems ; 
administers  grazing  and  forestry  programs  on  federally  owned 
range  and  commercial  forest  lands;  protects  fish  and  wildlife 
resources;  provides  for  conservation  and  development  of  out- 
door recreation  opportunities  on  a  nationwide  scale;  conserves 
hundreds  of  vital  scenic,  historic,  and  park  areas;  conducts 
geologic  research  and  surveys;  encourages  mineral  exploration 
and  conducts  mineral  research ;  promotes  mine  safety ;  conducts 
saline  water  research ;  administers  oil  import  programs ;  oper- 
ates helium  plants  and  the  Alaska  Kailroad;  is  responsible  for 
the  welfare  of  many  thousands  of  people  in  the  territories  of 
the  United  States;  and  exercises  trusteeship  for  the  well-being 
of  additional  hundreds  of  thousands  of  Indians,  Aleuts,  and 
Eskimos,  as  well  as  being  charged  with  resource  management 
of  millions  of  acres  of  Indian-owned  lands. 

In  its  assigned  function  as  the  Nation's  principal  natural 
resource  agency,  the  Department  of  the  Interior  bears  a  special 
obligation  to  assure  that  our  expendable  resources  are  con- 
served, that  renewable  resources  are  managed  to  produce 
optimum  yields,  and  that  all  resources  contribute  their  full 
measure  to  the  progress,  prosperity,  and  security  of  America, 
now  and  in  the  future. 
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ABSTRACT 


In  experiments  at  the  Bureau's  Salmon-Cultural  Laboratory,  to  determine  the  excre- 
tory products  of  significance  in  rearing  ponds  and  the  possible  effect  of  these  products  on 
fingerling  chinook  salmon  (Oncorhynchus  tshawytscha) ,  the  results  demonstrate  that 
ammonia  and  urea  are  the  principal  products.  The  relative  amounts  of  these  products 
vary  with  the  concentration  of  fish  and  with  their  metabolic  activity.  Ammonia  assumes 
dominance  in  an  unfavorable  environment.  The  pH,  water  temperature,  and  pond  type 
affect  the  toxicity  of  ammonia  solutions.  Continuous  exposure  to  levels  of  ammonia 
normally  encountered  in  rearing  ponds  produced  extensive  hyperplasia  of  the  gill  epi- 
thelium in  controlled  experiments.  In  rearing  ponds,  prolonged  but  not  continuous 
exposure  in  unionized  ammonia  has  been  demonstrated  to  result  in  reduction  both  in 
growth  rates  and  in  physical  stamina.  It  is  postulated  that  the  gill  hyperplasia  resulting 
from  continuous  exposure  to  un-ionized  ammonia  is  a  precursor  of  bacterial  gill  disease. 
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EFFECTS  OF 

ACCUMULATED  EXCRETORY  PRODUCTS 

ON  HATCHERY-REARED  SALMONIDS 

By   Roger  E.  Burrows,  Fishery  Research   Biologist 

Salmon-Cultural  Laboratory,  Bureau  of  Sport  Fisheries  and  Wildlife 
Longview,  Washington 


This  is  the  second  report  on  factors  that 
limit  production  in  rearing  ponds.  It  is 
concerned  principally  with  excretory 
products,  their  accumulation,  and  their 
effects  on  hatchery- reared  salmonids. 

The  first  report,  by  Burrows  and  Cheno- 
weth  (1955),  was  on  investigations  de- 
signed to  explore  the  hydraulic  and  bio- 
logical characteristics  of  several  types  of 
rearing  ponds.  Its  principal  purpose  was 
to  define  the  problem.  The  results  em- 
phasized the  lack  of  information  appli- 
cable to  the  measurement  of  environmental 


effects  and  the  need  for  more  intensive 
investigations  into  the  limitation  imposed 
by  water  quality,  excretory  products, 
water  temperature,  pond  types,  and  the 
reuse  of  water. 

The  effect  of  excretory  products  was 
selected  as  the  second  study  because  it  is 
not  only  a  relatively  unexplored  field  but 
also  one  of  the  most  critical  hatchery  prob- 
lems. The  method  of  attack  was  first  to 
define  the  significant  excretory  products 
in  rearing  ponds,  and  second  to  measure 
the  effect  of  these  products  on  the  fish. 


PRINCIPAL  EXCRETORY  PRODUCTS  IN  REARING  PONDS 


Salmon  and  trout  rearing  ponds  vary 
in  size  and  shape,  but  all  are  supplied 
continuously  with  water.  The  problem 
of  measurement  of  the  excretory  prod- 
ucts is  complicated  by  this  constant  inter- 
change. Most  investigators  have  confined 
their  experiments  to  aquariums  which  al- 
low the  excretory  products  to  accumulate, 
thus  leading  to  erroneous  conclusions 
about  the  normal  relations  of  certain  prod- 
ucts of  excretion. 

Ammonia  nitrogen  has  been  found  to 
be  one  of  the  principal  products  of  excre- 
tion. Because  of  the  confusion  of  termi- 
nology in  the  literature,  this  term  needs 


further  definition.  According  to  diction- 
ary definition  (Webster,  1951)  ammonia 
itself  is  the  gas  NH3,  and  ammonia  nitro- 
gen is  nitrogen  combined  in  the  form  of 
ammonia,  NH3,  or  ammonium.  Nil.,.  The 
ammonium  radical  NH4  combines  with  a 
number  of  elements,  but  as  a  product  of 
excretion  it  is  present  as  ammonium  hy- 
droxide which  dissociates  in  a  reversible 
reaction  into  ammonia,  NH3,  and  water. 
In  some  of  the  more  recent  literature 
(Wuhrmann  and  Woker,  1949;  Downing 
and  Merkins,  1955;  Merkins  and  Down- 
ing, 1957;  and  Lloyd  and  Herbert,  I960) 
ammonia  and  ammonia  nitrogen  are  used 
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almost  as  synonyms,  with  the  term  am- 
monia referring  to  aqueous  ammonia  con- 
taining both  the  gas,  NH3,  and  ammonium 
hydroxide,  NH4OH.  The  ammonia  gas, 
NH3,  is  identified,  specifically,  as  un- 
ionized ammonia.  This  terminology  will 
be  used  in  this  report.  Most  of  the  earlier 
work  considers  ammonia  in  the  same  sense 
with  the  exception  that  the  significance 
of  the  un-ionized  form  is  not  recognized. 

Smith  (1929)  found  that  the  principal 
end  products  of  catabolism  in  carp 
( Cyprinus  carpio )  and  goldfish  ( Carassius 
auratus)  were  ammonia  and  urea.  Wood 
(1958)  found  that  in  three  species  of 
marine  fishes  75  to  98  percent  of  the  total 
nitrogen  excreted  consisted  of  ammonia 
and  urea.  Both  Smith  and  Wood  ana- 
lyzed the  water  from  aquariums  in  which 
fish  had  been  held  for  18  to  24  hours  to 
determine  the  products  of  excretion. 
Both  workers  found  that  the  amount  of 
ammonia  excreted  was  much  greater  than 
that  of  urea. 

Our  approach  was  different  in  that 
hourly  samples  of  water  from  rearing 
pond  effluents  were  analyzed  over  24-hour 
periods  to  determine  the  significant  prod- 
ucts of  excretion.  Our  problem,  of  course, 
was  different  in  that  we  were  interested 
primarily  in  how  the  products  of  excre- 
tion affected  the  fish  in  rearing  ponds. 

Analyses  of  the  effluents  were  made  for 
ammonia,  urea,  creatinine,  and  uric  acid; 
ammonia  by  direct  nesslerization  (Ellis 
et  al.,  1946),  urea  by  the  Karr  method 
(Karr,  1924),  creatinine  by  the  method 
of  Folin  and  Wu  (1919),  and  uric  acid 
by  the  method  of  Folin  (1933,  1934). 
Urea  and  ammonia  were  the  major  ex- 
cretory products  as  these  were  the  only 
products  which  appeared  in  measurable 
amounts.  Contrary  to  both  Smith's  and 
Wood's  results,  either  ammonia  or  urea 
could  be  the  principal  excretory  product 
dependent  either  on  the  size  and  weight 


of  fish  in  the  pond  or  on  the  time  of  day 
of  the  analysis. 

The  effluent  concentrations  of  ammonia 
and  urea  from  several  pond  types  were 
measured  in  a  series  of  experiments.  The 
results  of  one  of  these  evaluations  is  shown 
in  figures  1  and  2.  In  this  experiment, 
two  4-  by  40-foot  raceway  ponds  were 
stocked  with  equal  poundages  of  com- 
parable chinook  salmon  (Oncorhynchus 
tshawytscha)  fingerlings.  The  water  in- 
flow into  one  pond  was  half  that  of  the 
other,  125  gallons  per  minute  as  compared 
with  250  gallons  per  minute.  A  similar 
difference  in  the  ratio  of  fish  weight  to 
water  inflow  was  maintained  throughout 
a  growing  season  as  the  total  weight  of 
fish  increased.  At  intervals  of  approxi- 
mately 6  weeks,  the  effluent  waters  were 
analyzed  for  both  ammonia  and  urea  at 
hourly  intervals  for  24  hours.  The  re- 
sults of  these  analyses  for  the  high  inflow 
pond  are  shown  in  figure  1.  With  the 
low  loading  rate  used  in  this  pond,  urea 
was  the  principal  product  of  excretion 
throughout  the  season.  At  the  higher 
loading  rate,  and  an  average  water  tem- 
perature of  52°  F.  (fig.  2),  ammonia  soon 
became  the  predominant  excretory  prod- 
uct. This  dominance  was  demonstrated 
at  a  loading  rate  of  5.6  pounds  of  fish 
per  gallon  per  minute  of  inflow.  At 
higher  metabolic  rates,  influenced  both 
by  fish  size  and  by  water  temperature, 
ammonia  dominance  would  be  expected  at 
a  lower  loading  rate.  At  the  end  of  Au- 
gust as  shown  in  figure  1,  ammonia 
dominance  was  approached  in  the  race- 
way with  the  higher  inflow,  when  the 
temperature  reached  55°  F.  and  the 
weight  of  fish  per  gallon  per  minute  of 
inflow  was  4.37  pounds. 

The  physiological  processes  involved  in 
the  suppression  of  urea  excretion  have  not 
been  explored.  Certainly  no  reference 
to  this  phenomenon  has  occurred  in  the 
literature  principally  because  the  experi- 


EFFECTS  OF  EXCRETORY  PRODUCTS  ON  HATCHERY-REARED  SALMONIDS 

RACEWAY    NO.   2 


.4     - 


.3     - 


.4 
.3 


2     - 


4    - 


6/8/60 

1.64    I  bs./  g  pm. 

Ttmp.    4  6  •  F. 


7/20/6  0 

2.92    I  bs./g  pm 

Temp.    5  2  •  F 


8/31 /6  0 

4.3  7  I  bs./g  pm 

Ttmp.    55  •  F. 


4^ 


8AM 


4PM 


U  REA 

NH4OH 

Figure  1. — Patterns  of  ammonia  and  urea  excretion  in  a  raceway  pond  with  high  inflow.     Ammonia 

nitrogen  expressed  as  NH4. 


mental  procedures  employed  accumulated 
the  excretory  products  in  small  quantities 
of  water  for  comparatively  long  periods 
of  from  18  to  24  hours  with  aeration  but 
without  water  replenishment.  The  re- 
sults of  such  conditions  are  similar  to 
those  encountered  at  the  8.16  pound  load- 
ing rate  shown  in  figure  2  in  which  am- 
monia predominated  and  urea  was  present 
in  very  small  quantities. 


Although  figure  1  shows  no  ammonia 
excretion  at  the  low  loading  rate  of  1.64 
pounds,  such  was  probably  not  the  case. 
The  direct  nesslerization  method  for  the 
measurement  of  ammonia  nitrogen  is  not. 
accurate  below  0.1  p.p.m.  Thus,  small 
quantities  of  ammonia  could  have  been 
and  probably  were  being  excreted  by  the 
fish  even  though  no  ammonia  was  indi- 
cated by  the  measurements. 
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Figure  2. — Patterns  of  ammonia  and  urea  excretion  in  a  raceway  pond  with  low  inflow.     Ammonia 

nitrogen  expressed  as  NH4. 


EFFECTS  OF  EXCRETORY  PRODUCTS  ON  THE  FISH 


Although  various  pond  types  studied 
over  a  10-year  period  differed  in  their 
expulsion  rates  and  therefore  in  the  rate 
of  removal  of  waste  products  from  the 
pond  water,  the  domination  of  ammonia 
was  characteristic  of  high  loading  rates 
in  all  tests.     Since  fish  mortality  is  also 


associated  with  very  high  loadings,  am- 
monia was  suspect  as  a  toxin.  In  several 
experiments  where  overloads  were  asso- 
ciated with  outbreaks  of  gill  disease,  am- 
monia was  present  continuously  in  the 
pond  effluent  and  urea  was  either  un- 
measurable  or  present  in  but  small  quan- 
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tities  and  for  but  short  periods  of  time. 

To  measure  the  effect  of  ammonia  under 
controlled  conditions,  two  experiments 
were  conducted  for  a  period  of  6  weeks, 
at  water  temperatures  of  43°  F.  and  57°  F. 
In  each  experiment,  four  lots  of  chinook 
salmon  fingerlings  were  subjected  to  con- 
stant levels  of  introduced  ammonium  hy- 
droxide at  0.0,  0.3,  0.5,  and  0.7  p.p.m., 
calculated  as  NH4.  The  highest  experi- 
mental level  approximates  the  maximum 
concentration  encountered  in  rearing 
ponds  during  afternoon  surges. 

Effects  of  ammonia  on  gills  of  fish  held 
at  43°  F.  are  shown  in  figures  3  to  6. 
Figure  3  is  a  photomicrograph  of  a 
typical  gill  section  from  the  control 
group  showing  no  proliferation  of  the  gill 
epithelium.  In  figures  4  through  6  the  cor- 
relation of  proliferation  with  exposure  to 
higher  ammonia  concentrations  is  obvious. 
These  sections  were  selected  as  generally 
typical  of  the  samples  examined.  At  both 
temperatures  some  fish  in  all  the  samples 
from  the  ammonia-treated  groups  showed 
the  extensive  proliferation  and  clubbing 
of  the  filaments  characteristic  of  the  high- 
est ammonia  concentration.  Sample 
checks  at  weekly  intervals  throughout 
both  of  the  experiments  indicated  that  the 
degree  of  proliferation  was  progressive 
for  the  first  4  weeks,  after  which  no  meas- 
urable increases  were  discernible. 

There  was  no  significant  mortality  dur- 
ing the  experiments  and  for  an  additional 
3  weeks  afterwards.  Examination  of  a 
sample  of  the  low-temperature  fish  after 
3  weeks  in  fresh  water  indicated  that  no 
recovery  from  the  extensive  proliferation 
had  taken  place.  In  the  second  experi- 
ment, conducted  at  57°  F.  with  larger  fish, 
a  marked  recovery  from  the  hyperplasia 
was  noted  after  3  weeks'  exposure  to  fresh 
water.  In  the  first  experiment,  the  pro- 
liferated areas  had  consolidated;  in  the 
second,  they  had  not. 


In  a  third  experiment,  urea  at  0.2,  0.3, 
and  0.4  p.p.m.  was  substituted  for  am- 
monia. Continuous  exposure  at  these  con- 
centrations for  a  3-week  period  resulted 
in  no  indication  of  proliferation  of  the  gill 
epithelium  in  the  fish,  and  the  experiment 
was  terminated.  As  the  highest  urea  con- 
centration exceeded  the  maximum  level 
encountered  in  rearing  ponds  and  the  ex- 
posure period  was  beyond  that  when  am- 
monia produced  visible  evidence  of  gill 
irritation,  it  was  concluded  that  ammonia, 
not  urea,  was  the  toxicant. 

The  toxicity  of  ammonia  solutions  is  de- 
termined by  the  amount  of  un-ionized  am- 
monia present  (Wuhrmann  and  Woker, 
1949).  The  degree  of  dissociation  is  con- 
trolled primarily  by  the  pH  and  the  tem- 
perature of  the  solution.  The  toxicity 
tests  on  ammonia  were  conducted  at  water 
temperatures  of  43°  F.  and  57°  F.  and  at 
a  pH  of  7.8.  In  these  tests  the  calculated 
exposure  to  un-ionized  ammonia  was  0.006 
and  0.008  p.p.m.  at  the  0.3  p.p.m.  am- 
monium hydroxide  level;  0.010  and  0.012 
p.p.m.  at  the  0.5  p.p.m.  level;  and  0.014 
and  0.018  p.p.m.  at  the  0.7  p.p.m.  level. 

Most  investigations  have  been  concerned 
with  the  lethal  effects  of  ammonia  con- 
centrations on  the  fish.  Lloyd  and  Her- 
bert (1960)  have  demonstrated  that  the 
free  carbon  dioxide  in  the  water  can  cause 
a  decrease  in  the  pH  value  and  the  amount 
of  un-ionized  ammonia  at  the  gills. 
Downing  and  Merkins  (1955)  and  Mer- 
kins  and  Downing  (1957)  demonstrated 
that  the  lethality  of  un-ionized  ammonia 
increased  with  a  reduction  in  dissolved 
oxygen.  This  is  consistent  with  the  work 
of  Phillips  et  al.  (1949)  and  Brockway 
(1950)  in  which  a  reduction  in  the  oxygen 
level  of  the  blood  was  correlated  with  an 
increase  in  the  catabolic  products  in  the 
water. 

Lloyd  and  Herbert  report  the  lethal 
level  of  un-ionized  ammonia  at  a  pH  of  8.2 
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Figure  3. — Normal  gill  section  from  control  group. 
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Figure  4. — Typical  gill  section  from  group  exposed  to  0.3  p.p.m.  of  ammonium  hydroxide  for  6 
weeks  showing  proliferation  of  the  gill  epithelium. 
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Figure  5. — Typical  gill  section  from  group  exposed  to  0.5  p.p.m.  of  ammonium  hydroxide  for  6 

weeks  showing  extensive  hyperplasia. 


*    .  < 


-     .    *  f; 


m  4 


Figure  6.— Typical  gill  section  from  group  exposed  to  0.7  p.p.m.  of  ammonium  hydroxide  for  6 
weeks  showing  fusion  of  lamellae.     (Photomicrographs  by  W.  T.  Yasutake.) 
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and  normal  levels  of  oxygen  and  carbon 
dioxide  to  be  0.84  p.p.m.  At  a  water  tem- 
perature of  50°  F.,  18  p.p.m.  of  ammonia 
nitrogen  expressed  as  NH4  would  be  neces- 
sary to  produce  a  lethal  effect  in  rainbow 
trout  {Salmo  gairdneri) .  Such  a  concen- 
tration is  highly  unlikely  in  salmon  and 
trout  rearing  ponds  unless  the  water  is  be- 
ing extensively  reused  without  recondi- 
tioning. 

The  toxic  levels  of  ammonia,  other  than 
actual  lethal  levels,  are  difficult  to  ascer- 
tain primarily  because  the  effects  of 
ammonia  exposure  are  insidious  and  indi- 
rect. The  literature  is  confusing  because 
most  authors  merely  give  the  concentra- 
tion of  ammonia  found  in  the  pond  water, 
when  describing  toxic  or  lethal  effects. 
As  the  toxin  is  the  un-ionized  ammonia 
present,  the  toxic  concentrations  cannot 
be  calculated  unless  the  water  tempera- 
ture and  pH  are  known.  Table  1  lists 
the  percentages  of  un-ionized  ammonia 
contained  in  ammonium  hydroxide  solu- 
tions at  three  temperatures  and  the  pH 
levels  normally  encountered  in  salmonoid 
rearing.  From  table  1  it  will  be  noted 
that  insignificant  levels  of  the  gas  are 
present  at  a  pH  of  7  but  that  the  propor- 
tion of  un-ionized,  i.e.  toxic,  ammonia  pro- 
gressively and  markedly  increases  with 
the  increase  of  the  pH  of  the  aqueous 
solution,  whereas  the  influence  of  tem- 
perature on  the  rate  of  dissociation  is 
comparatively  minor.  The  correlation 
between  pH  and  un-ionized  ammonia 
explains  the  vast  differences  encountered 
in  the  carrying  capacities  of  different 
water  supplies. 

The  effects  of  even  low  concentrations 
of  un-ionized  ammonia  are  real,  demon- 
strable, and  definitely  detrimental.  From 
accumulated  evidence  it  can  be  demon- 
strated that,  when  un-ionized  ammonia 
concentrations  become  dominant  in  rear- 
ing ponds,  growth  rate,  physical  stamina, 
and  disease  resistance  are  impaired. 


Table  1. — Percentage  of  un-ionized  ammonia  in 
ammonium  hydroxide  solutions  at  three  tem- 
peratures and  various  levels  of  pH 

[Prepared  by  J.  W.  Elliott  after  Wuhrmann  and  Woker  (1949)] 


PH 

At  10°  C. 

(50°  F.) 

At  15°  C. 

(59°  F.) 

At  20°  C. 

(68°  F.) 

7.0 

0.3 

1.1 

1.4 

1.8 

2.3 

2.9 

3.6 

4.6 

5.7 

7.1 

8.9 

11.1 

20.3 

29.1 

57.6 

0.4 
1.3 
1.6 
2.1 
2.6 
3.3 
4.1 
5.2 
6.5 
8.0 
9.9 
12.3 
22.1 
32.3 
59.8 

0.5 

7.5       

1.5 

7.6    

1.9 

7.7... — 

2.4 

7.8.... 

3.0 

7.9    

3.8 

8.0 

4.7 

8.1 

6.0 

8.2 

7.3 

8.3 — 

9.1 

8.4         

11.2 

8.5 

13.7 

8.8. 

24.2 

9.0.      

35.8 

9.5 

62.1 

Derivation  formula: 


(NH4+XOH-) 


Kb. 


(NH3-H20) 

Kb= dissociation  constant  aqueous  ammonia. 
.Kw= ionization  constant  H2O. 


Temperature 

K,, 

K, 

10°  C   

1.570X10-5 
1.652X10-5 
1.710X10-5 

14.  5346 

15°  C 

14. 3463 

20°  C 

14. 1669 

The  reduction  in  growth  rate  due  to 
an  increase  in  ammonia  concentration  is 
reported  from  warmwater  fish  culture 
(Kawamoto  et  al.,  1957;  Kawamoto,  1958, 
1961)  and  from  salmonoid  culture  (Brock- 
way,  1950).  These  reports  are  concerned 
with  the  increase  in  ammonia  occasioned 
by  the  reuse  of  water  and  demonstrate 
the  reduction  in  growth  rate  in  ponds  at 
the  lower  end  of  a  series.  In  the  experi- 
ment from  which  the  excretory  cycles  were 
determined,  figures  1  and  2,  the  growth 
rate  was  also  measured.  The  experiment 
was  conducted  for  a  5 -month  period  with 
ammonia  becoming  dominant  in  the  low- 
inflow  raceway  during  the  last  3  months. 
The  growth  rate  in  this  raceway  was  9.1 
percent  lower  than  that  measured  in  the 
high-inflow  raceway  for  the  5 -month  pe- 
riod. This  significant  difference  occurred 
with  but  a  single  use  of  the  water  and 
without  either  an  increase  in  mortality, 
disease  outbreak,  or  continuous  exposure 
to  measurable  levels  of  ammonia. 
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An  inhibition  in  growth  rate  indicates 
an  impaired  physiology.  Phillips  et  al. 
(1949)  and  Brockway  (1950)  correlate 
the  increase  in  ammonia  concentration 
with  a  reduction  in  the  oxygen  level  in  the 
blood.  Our  toxicity  experiments  demon- 
strate the  extensive  proliferation  of  the 
gill  lamellae  which  can  be  caused  by  ex- 
posure to  ammonia.  Such  proliferation 
and  consolidation  reduces  the  surface  area 
of  the  gills  and  therefore  the  ability  of 
the  animal  to  absorb  oxygen.  These  fac- 
tors would  be  expected  to  result  in  a  re- 
duction in  the  physical  performance  of  the 
fish  under  conditions  of  stress.  Stamina 
trials  in  which  groups  of  100  fish  were 
subjected  to  fixed  water  velocities  for 
measured  periods  of  time  in  a  stamina 
tunnel  (Thomas  et  al.,  1964)  demonstrated 
a  reduced  performance  in  fish  subjected  to 
a  continuous  ammonia  exposure  in  rearing 
ponds  as  contrasted  with  comparable 
fish  where  the  ammonia  exposure  was  in- 
termittent. The  performance  index  in 
the  ammonia-exposed  fish  was  16  and  in 
the  control  23.  A  difference  of  3  per- 
formance index  points  was  significant. 

Impaired  physiology  implies  reduced 
disease  resistance.  The  susceptibility  of 
salmon  fingerlings  to  bacterial  gill  disease 
is  closely  associated  with  the  extensive 
epithelial  hyperplasia  of  the  gills  caused 
by  ammonia  irritation.  When  fish  are 
continuously  exposed  to  measurable 
amounts  of  ammonia,  bacterial  gill  dis- 
ease epidemics  are  prevalent.  It  is  postu- 
lated that  ammonia  irritation  is  a  pre- 
cursor of  bacterial  gill  disease. 

The  accumulated  evidence  indicates 
that  continuous  exposure  to  un-ionized 
ammonia  is  definitely  detrimental  and 
should  be  avoided  in  rearing  ponds.  The 
debilitation  caused  by  ammonia  exposure 
is  certainly  not  conducive  to  optimum  sur- 
vival rates  after  liberation. 


The  principal  factors  affecting  toxic 
ammonia  levels  in  rearing  pond  waters 
are  pH,  temperature,  and  the  ammonia  ex- 
posure period.  The  fact  that  un-ionized 
ammonia  is  the  toxin  precludes  the  possi- 
bility of  generalizing  on  the  dangerous 
ammonium  hydroxide  levels  to  be  encoun- 
tered in  rearing  ponds.  Within  rather 
narrow  pH  ranges,  however,  the  changes 
in  un-ionized  ammonia  are  relatively  in- 
significant. Our  work  was  conducted  at 
a  pH  of  7.8±0.1,  that  of  Phillips  et  al. 
(1950)  at  an  initial  pH  of  7.8  and  7.9. 
This  work  and  the  summarization  of  the 
Cortland  Laboratory  experiments  by 
Brockway  (1950)  are  in  essential  agree- 
ment with  our  findings  concerning  the 
toxicity  of  ammonium  hydroxide  concen- 
trations in  rearing  ponds.  Our  experi- 
ments indicate  that  the  period  of  exposure 
to  measurable  amounts  of  ammonium  hy- 
droxide within  a  pH  range  of  7.8  to  8.0  is 
of  more  importance  than  the  peak  ex- 
posure concentration.  Salmon  fingerlings 
can  tolerate  levels  of  ammonium  hydrox- 
ide as  great  as  0.7  p. p.m.  for  1  hour  per 
day  with  apparent  impunity,  but  when 
the  exposure  period  exceeds  12  hours  per 
day  at  levels  of  0.1  p.p.m.  or  above,  the 
growth  rate  is  reduced,  and  when  continu- 
ous exposure  occurs  a  reduction  in  stamina 
and  disease  resistance  develops.  This 
latter  condition  occurs  in  raceways  when 
the  fish  are  stocked  at  the  rate  of  8.5 
pounds  per  gallon  per  minute  of  inflow  at 
a  water  temperature  of  60°  F.  and  a  pi  I 
of  7.8. 

As  the  water  temperature  increases  the 
percent  of  un-ionized  ammonia  increases 
and,  according  to  Brockway  (1950),  the 
excretion  rate  also  increases.  At  tempera- 
tures of  65°  F.,  therefore,  the  carrying 
capacity  of  the  water  would  be  reduced  to 
8.0  pounds  per  gallon  per  minute  of  inflow 
or  less.    At  pH  levels  above  8,  the  toxicity 
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to  the  fish  would  be  greatly  increased  and, 
conversely,  at  lower  levels  it  would  be  re- 
duced because  of  the  variations  in  the 
amount  of  un-ionized  ammonia  present 
despite  the  production  of  comparable 
amounts  of  ammonium  hydroxide  under 
both  conditions. 

Because  the  length  of  the  exposure  peri- 
od affects  the  toxicity  of  un-ionized  am- 
monia, the  hydraulic  characteristics  and 
explusion  rates  of  the  various  types  of 
rearing  ponds  assume  importance.  Pond 
types,  which  develop  excessive  detention 
times  either  due  to  poor  hydraulic  pat- 
terns or  inadequate  inflows,  create  condi- 
tions whereby  the  ammonia  exposure  is 
increased  beyond  the  normal.  Burrows 
and  Chenoweth  (1955)  describe  three 
pond  types  and  the  hydraulic  patterns 
which  can  create  such  conditions  and  have 
correlated  the  hydraulic  characteristics 
with  the  disease  inhibition  qualities. 
Brockway  (1950)  emphasizes  the  effects 
of  laminar  flow  in  raceways  with  inade- 


quate inflow  and  was  able  to  demonstrate 
increased  ammonia  concentrations  in  the 
deeper  stratified  areas. 

Recognition  of  the  period  when  danger- 
ous toxic  levels  of  ammonia  are  approach- 
ing is  essential  if  they  are  to  be  avoided. 
Examination  of  the  excretory  patterns  in- 
dicates that  ammonia  as  it  approaches 
dominance  is  present  in  the  p.m.  hours 
and  urea  in  the  a.m.  hours.  As  the  period 
of  ammonia  excretion  increases  in  the  24- 
hour  cycle,  the  low  ebb  occurs  in  the  early 
morning.  The  occurrence  of  measurable 
amounts  of  ammonia  in  the  pond  effluent 
during  the  period  of  minimum  physical 
and  metabolic  activity  is  an  indication 
that  the  fish  are  being  subjected  to  a  con- 
tinuous ammonia  exposure  and  an  un- 
favorable environment. 

These  investigations  have  demonstrated 
that  continuous  exposure  to  un-ionized 
ammonia  can  produce  a  general  debility. 
Such  debility  may  be  an  important  factor 
influencing  survival  of  salmon  and  trout 
both  before  and  after  liberation. 


CONCLUSIONS 


Experiments  conducted  to  determine 
the  excretory  products  of  significance  in 
salmonid  rearing  ponds  and  the  effect  of 
these  products  on  the  fish  lead  to  the  fol- 
lowing conclusions : 

1.  Chinook  salmon  fingerlings  excrete 
principally  ammonia  and  urea. 

2.  The  patterns  of  excretion  and  com- 
position of  the  excretory  products  over  a 
24-hour  cycle  vary  with  the  density  of  the 
fish.  At  stocking  rates  of  less  than  5 
pounds  per  gallon  per  minute  of  inflow, 
urea  is  the  principal  excretory  product. 
Above  this  level  ammonia  becomes 
dominant. 

3.  Concentrations  of  un-ionized  am- 
monia as  low  as  0.006  p.p.m.  in  continuous 


exposure  for  6  weeks  can  produce  exten- 
sive hyperplasia  of  the  gill  epithelium. 

4.  No  deleterious  effects  were  discern- 
ible when  chinook  fingerlings  were  sub- 
jected to  continuous  exposure  to  urea  for 
3  weeks  at  levels  normally  encountered  in 
rearing  ponds. 

5.  Controlled  experiments  have  demon- 
strated that  prolonged  but  intermittent 
exposure  to  un-ionized  ammonia  results  in 
reduced  growth  rate  and  physical  stam- 
ina. It  is  postulated  that  continuous 
ammonia  exposure  is  the  precursor  of  bac- 
terial gill  disease. 

6.  The  pH  and  water  temperature  de- 
termine the  amount  of  un-ionized  am- 
monia present;   the  pond  type  and  the 


EFFECTS  OF  EXCRETORY  PRODUCTS  ON  HATCHERY-REARED  SALMONIDS 


11 


loading  rate  in  relation  to  water  inflow 
determine  the  duration  of  the  exposure 
period. 

7.  Where  ammonia  is  a  problem,  dan- 


gerous levels  are  indicated  by  the  presence 
of  measurable  amounts  in  the  effluent  dur- 
ing the  low  ebb  of  the  diurnal  excretory 
cycle. 
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RESEARCH  REPORTS 


This  series  of  reports  was  begun  when  the  Fish  and  Wildlife  Service  was  established  in  1941 ; 
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ABSTRACT 

A  stamina  tunnel  was  developed  to  measure  differences  in  physical  performance  of  salmonid 
fingerlings.  By  subjecting  fish  samples  to  controlled  patterns  of  water  velocity,  it  has  proved 
possible  to  demonstrate  differences  in  fish  stamina  imparted  by  disease,  nutrition,  and  environ- 
ment. 


IV 


A  DEVICE  FOR  STAMINA  MEASUREMENT 
OF  FINGERLING  SALMONIDS 

By  Allan  E.  Thomas  and  Roger  E.  Burrows,  Fishery  Research  Biologists, 
and  Harry  H.  Chenoweth,  Hydraulic  Engineer 

Salmon-Cultural  Laboratory,  Bureau  of  Sport  Fisheries  and  Wildlife 
Longview,  Washington 


One  of  the  principal  problems  of  arti- 
ficial propagation  is  evaluation  of  the 
quality  of  the  fish  produced.  The  physi- 
cal stamina  of  the  fingerling  is  assumed 
to  be  one  measure  of  the  ability  of  the 
fish  to  survive  after  release.  A  device 
for  the  measurement  of  physical  stamina 
must  meet  certain  requirements  to  be  of 
practical  value  in  any  large-scale  evalua- 
tion of  hatchery  production : 

1.  The  device  should  be  capable  of 
rapidly  testing  representative  samples 
of  hatchery  populations. 

2.  It  should  be  able  to  reproduce 
exactly  a  measured  stress. 

3.  It  should  be  capable  of  imposing 
increased  stress  to  conform  with  increased 
ability. 

4.  It  should  have  sufficient  sensitivity 
to  measure  the  stamina  differences  created 
by  the  varying  conditions  encountered  in 
artificial  propagation. 

Several  methods  have  been  employed  to 
measure  the  swimming  ability  of  fish. 
The  most  popular  type  of  apparatus 
seems  to  be  a  rotating  annular  trough  or 
"fish  wheel/'  Adaptations  of  this  idea 
have  been  used  by  Bainbridge  and  Brown 
(1958),  Paulik  and  DeLacy  (1957),  Gray 
(1957),  Brett  et  al.  (1958),  and  others. 
One  fish  at  a  time  is  tested.  The  velocity 
of  the  water  in  the  trough  is  essentially 
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that  of  the  trough,  although  is  some 
designs  slippage  may  occur.  The  in- 
troduction of  cages,  electrodes,  and  similar 
devices  for  stimulation  of  the  fish  in- 
creases the  slippage  between  water  and 
trough.  If  larger  samples  of  fish  are  to 
be  tested  simultaneously,  the  trough  must 
be  wide.  The  radius  must  be  large  if 
the  difference  between  the  inner  and  outer 
velocities  is  to  be  negligible.  The  an- 
nular trough  may  also  produce  a  laminar 
flow  of  water  which  may  have  a  different 
effect  on  the  swimming  ability  of  the 
fish  than  would  more  turbulent  water. 

Open,  straight  troughs,  such  as  used 
by  Reimers  (1956)  and  Vincent  (1960), 
and  the  flume  used  by  Kerr  (1953)  have 
the  disadvantage  of  a  substantial  differ- 
ence in  water  velocities  within  the  trough. 
If  the  bottom  is  rectangular,  the  velocity 
in  the  lower  corners  will  be  low.  Without 
closely  controlled  water  velocities,  fish 
tested  will  not  all  be  subjected  to  the 
same  swimming  requirements. 

The  method  of  frightening  fish  for  a 
fixed  time  interval  to  produce  exercise, 
as  used  by  Miller  et  al.  (1959)  and 
Hochachka  (1961)  may  result  in  non- 
uniform treatment  of  fish  samples. 
" Closed-circuit"  water  tunnels  such  as 
are  described  by  Mar  (1959),  Katz  et  al. 
(1959),  and  Davis  et  al.  (1963)  have  the 
advantages  of  closely  controlled  water 
velocities  and  more  nearly  uniform  treat- 
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ment  of  fish  samples.  Under  most  condi- 
tions only  a  few  fish  can  be  tested  at  one 
time. 

None  of  the  devices  described  in  the 
literature  meets  the  requirements  for 
large  scale  evaluation  of  stamina  in 
hatchery  fish.  Our  stamina  tunnel  was 
designed  to  meet  these  requirements. 
It  has  been  tested  over  a  period  of  4 
years  with  thousands  of  fish  samples 
from  different  sources  and  has  proved 
adequate  for  stamina  measurement.  By 
recognition  and  control  of  extraneous 
variables  it  has  been  possible  to  measure 
fish  performance  differences  imparted 
by  disease,  nutrition,  and  environment. 


EXPERIMENTAL  APPARATUS 

The  stamina  tunnel  was  designed  specifi- 
cally for  stamina  measurement.  In  these 
measurements  the  search  is  for  differences 
imparted  by  artificial  propagation  and 
not  precise  determinations  of  swimming 
speeds.  The  tunnel  is  comparatively 
large  in  order  to  test  large  samples. 
Control  of  water  velocities  is  exact  and 
reproducible  with  but  minor  error.  The 
velocities  available  are  in  excess  of  the 
requirements  for  testing  small  fingerlings 
and  thereby  provide  reserve  velocities 
for  the  imposition  of  additional  stress. 
Design  drawings  of  the  tunnel  are  shown 
in  figure  1.     In  this  tunnel  the  water  is 
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Figure  1. — Design  drawings  of  the  stamina  tunnel. 
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recirculated  by  means  of  a  1,500  gallon 
per  minute  axial  flow  pump.  A  four- 
speed  transmission  and  variable-speed 
drive  pulley  are  combined  to  allow  a  wide 
range  of  water  velocities  to  be  produced. 
Speeds  can  be  varied  within  each  of  the 
four  ranges  while  the  pump  is  running. 

The  discharge  from  the  pump  passes 
through  perforated  baffles  upon  entering 
the  head  box.  These  baffles  are  designed 
to  provide  adequate  diffusion  at  both 
high  and  low  velocities.  The  holes  of  the 
baffles  are  small  so  that  the  resulting 
turbulence  will  be  fine  and  therefore  will 
dissipate  quickly.  The  size  of  the  holes 
in  these  baffles  will  depend  on  the  water 
velocities  desired  for  the  tunnel. 

The  head  box  is  adequate  but  is  near 
the  minimum  size  necessary  to  meet  the 
capacity  of  the  pump.  Two  perforated 
plates  are  located  at  the  entrance  to  the 
tube,  the  first  to  produce  a  more  uniform 
flow  and  the  second  to  confine  the  fish. 

The  tunnel  consists  of  a  12-inch  out- 
side diameter  plexiglass  tube,  6  feet  in 
length.  The  flow  through  the  tunnel  is 
controlled  by  a  differential  in  water 
level  between  the  head  and  tail  boxes. 
The  fixed  cross-section  of  the  12-inch 
tube  makes  the  velocities  through  the 
tube  a  direct  function  of  the  mass  flow 
rate  of  the  pump.  For  a  fixed  water  path 
this  flow  is  a  function  of  pump  speed. 
The  rotational  rate  of  the  pump  can 
easily  be  varied  and  measured. 

A  uniform  velocity  at  the  entrance  of 
the  tunnel  is  secured  by  the  well-rounded 
bell  mouth.  A  considerable  fluid  ac- 
celeration takes  place  at  the  tunnel  en- 
trance. It  is  this  acceleration  which 
creates  the  uniform  velocity.  The  round 
cross-section  helps  to  maintain  this  uni- 
form velocity  although  any  boundary 
will  retard  the  motion  of  the  adjacent 
flow.  The  final  velocity  profile  is  ob- 
tained 50  pipe  diameters  downstream 
from  a  well-rounded  intake  in  a  long 
pipe.     Since    this    water    tunnel    has    a 


length  of  only  6  pipe  diameters  (6  feet), 
the  velocity  profile  in  the  tunnel  is 
changed  only  slightly  throughout  its 
length.  Typical  velocity  profiles  obtain- 
ed at  the  tunnel  outlet  are  shown  in 
figure  2.  The  velocity  in  the  upstream 
test  section  will  be  even  more  uniform 
because  the  boundary  layer  has  had  less 
opportunity  to  slow  down  the  flow  near 
the  wall. 

An  electrical  field  fish  barrier  is  located 
near  the  outlet  of  the  tunnel.  Three 
stationary  aluminum  bands  are  positioned 
inside  the  tunnel.  Electrical  fields  are 
created  between  the  positive  middle  band 
and  negative  bands  on  either  side,  and 
the  strength  of  the  fields  is  controlled  by 
a  variable  transformer. 

Fish  leaving  the  tunnel  during  a  stamina 
test  are  held  in  a  screened  trapping  zone 
or  collection  chamber  of  the  tail  box. 
The  water  diffuses  through  the  screens 
to  the  tail  box  sump,  from  which  it 
enters    the    return    pipe    to    the    pump. 

Energy  is  added  to  the  fluid  on  each 
pass  through  the  pump.  This  energy 
eventually  is  converted  to  heat.  The 
computed  rise  in  the  water  temperature 
with  a  tunnel  velocity  of  2  feet  per  second 
was  under  0.5°  F.  per  hour  of  continuous 
operation.  This  insignificant  rise  is  mask- 
ed by  heat  transference  from  the  air  and 
is  corrected  between  stamina  tests  by  the 
addition  of  more  water  at  53  °  F.  tempera- 
ture. 

The  design  of  the  tunnel  has  proved 
very  satisfactory  for  stamina  testing  of 
fingerling  salmon.  No  alterations  in  de- 
sign have  been  found  desirable. 

TESTING  PROCEDURE 

In  the  normal  procedure  of  stamina 
testing,  the  fish  are  segregated  into 
groups,  temperature  acclimated,  tested 
in  the  tunnel,  and  weighed  after  testing. 
Samples  from  the  lot  to  be  tested  are 
randomly  distributed  into  groups  of  100 
fish  each.     These  samples  are  held  sepa- 
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rate  and  acclimated  to  53°  F.  water  for 
a  period  of  16  to  20  hours.  The  fish  are 
not  fed  during  this  time.  At  the  end  of 
the  temperature  acclimation  period,  the 
group  of  fish  is  introduced  into  the 
clear-plastic  tunnel  by  means  of  a  re- 
movable loading  chute.  After  a  brief 
orientation  period,  a  procedure  of  in- 
creasing the  water  velocity  by  incre- 
ments is  begun. 

The  size  of  the  tunnel  is  such  that  a 
standard  sample  of  even  large  finger- 
lings  is  not  crowded.  The  distribution  of 
fish  in  the  tunnel  is  shown  in  figure  3. 
Under  test  conditions,  the  tunnel  is 
covered  during  operation  to  reduce  the 
possibility  of  outside  disturbance  and  to 
allow  the  fish  to  orientate  within  the 
tunnel. 

The  electrical  field  at  the  outlet  in- 
duces the  fish  to  remain  in  the  tunnel 
until  partially  exhausted.  When  they 
can   no   longer    maintain   their   position 


against  the  water  current,  the  individual 
fish  are  swept  through  the  electrical 
field  into  the  tail  box  where  they  are 
held  until  the  end  of  the  test.  The 
voltage  used  in  the  electrical  field  varies 
from  7  to  12  volts  with  the  setting  de- 
pending upon  the  size  of  fish  tested.  The 
lower  voltage  is  used  for  the  larger 
fingerlings. 

The  water  velocities  and  exposure  times 
under  two  operating  procedures  of  stamina 
testing  are  shown  in  figure  4.  Fish 
ranging  from  approximately  1  to  4.5 
grams  per  fish  are  normally  tested  in 
second  gear  at  water  velocities  ranging 
from  0.45  foot  per  second  to  1.70  feet  per 
second.  Larger  fingerlings  are  usually 
tested  in  third  gear  with  water  velocities 
from  0.75  foot  per  second  to  2.70  feet  per 
second.  Smaller  fish  are  given  an  ad- 
vantage of  less  initial  velocity,  which  is 
not  necessary  for  larger  fish.  The  testing 
procedure    gives    two    identical    velocity 
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Figure  3.—  Closeup  showing  the  normal  distribution  of  fish  in  the  plexiglass 
tunnel  at  a  low  water  velocity. 
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plateaus  of  1.2  feet  per  second  and  1.7 
feet  per  second  for  both  gears,  and  two 
additional  plateaus  of  2.2  feet  per  second 
and  2.7  feet  per  second  for  the  third  gear. 
The  fish  are  counted  as  they  leave  the 
tunnel,  and  the  cumulative  totals  are  re- 
corded at  1-minute  intervals.  The  stam- 
ina test  is  completed  when  at  least  75 
percent  of  the  fish  have  left  the  tunnel. 
At  the  conclusion  of  each  test  the  total 
weight    of   each   sample   is    determined. 

PERFORMANCE    INDEX 

A  performance  index  has  been  develop- 
ed for  the  stamina  measurement  of  com- 
parable fish  samples.  This  index  is  the 
summation  of  the  times  when  25  percent 
and  75  percent  of  the  fish  leave  the  tunnel. 
The  index  measures  the  swimming  ability 
of  only  the  middle  50  percent  of  the  fish 
tested  and  eliminates  the  strongest  and 
weakest  fish.  The  elimination  of  these 
fish  keeps  to  a  minimum  any  possible 
effect  due  to  the  abnormal  performance  of 
a  few  fish. 

The  performance  index  has  proved 
valuable  in  a  great  number  of  stamina 
tests  as  a  rapid  and  reliable  method  of 
measurement.  Fish  size,  however,  affects 
swimming  ability  and  therefore  the  per- 
formance index.  A  normal  performance 
curve  can  be  established  for  a  population 
of  fish  by  conducting  a  series  of  tests 
during  different  periods  of  their  growth. 
The  existence  of  differences  between  fish 
populations  can  then  be  determined  by 
comparing  the  performance  indexes  with 
the  established  values  for  fish  of  the  same 
size.  In  past  testing,  a  difference  in  the 
performance  index  of  about  three  points 
between  fish  of  the  same  size  has  usually 
been  a  significant  difference. 

VARIABLES  IN  TESTING 

There  are  a  number  of  controllable 
variables  which  must  be  considered  if 
testing  is  to  be  standardized.     These  con- 


trollable variables  are  size  of  fish,  water 
temperature,  oxygen  content,  sampling 
technique,  size  of  sample,  starvation 
period,  frequency  of  retesting,  and  species 
of  fish. 

Size  of  fish 

Under  normal  conditions  the  perform- 
ance of  fish  improves  with  an  increase  in 
size.  Kerr  (1953)  in  testing  the  effects  of 
water  velocity  on  juvenile  striped  bass 
(Roccus  saxatilis)  and  chinook  salmon 
(Oncorhynchus  tshawytscha)  found  an 
increase  in  swimming  ability  with  larger 
fish  and  little  difference  between  the 
ability  of  comparable  yearling  salmon  and 
bass.  Bainbridge  (1960)  found  an  in- 
crease in  the  swimming  speed  of  gold- 
fish (Carassius  auratus),  dace  (Leuciscus 
leuciscus),  and  trout  (Salmo  irideus)  with 
an  increase  in  fish  length. 

That  the  swimming  ability  of  fish  in- 
creases with  an  increase  in  size  is  demon- 
strated in  figure  5.  The  data  for  this 
graph  were  obtained  from  a  series  of 
stamina  tests  on  fall  chinook  salmon 
fingerlings  conducted  at  biweekly  inter- 
vals during  a  rearing  season.  Five  hun- 
dred fish  were  tested  at  each  interval, 
and  a  total  of  9,000  fish  were  used  to 
determine  the  normal  performance  curve. 

Water  temperature 

The  swimming  ability  of  fish  has  been 
found  to  be  affected  by  the  temperature  of 
the  water.  Brett  et  al.  (1958)  found 
that  young  coho  salmon  (O.  kisutch) 
increased  their  cruising  speed  with  in- 
creases in  temperature  up  to  their  ultimate 
lethal  temperature,  whereas  the  cruising 
speed  of  young  sockeye  salmon  (0.  nerka) 
reduced  when  the  lethal  temperature  was 
approached.  Fry  (1958)  reports  that  the 
cruising  speed  of  young  goldfish  reaches  a 
peak  and  then  decreases  when  higher 
temperatures  cause  a  stress  that  increases 
the  standard  metabolic  rate. 
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Figure  5. — Increase  in  swimming  ability  with  increase  in  weight  in  fingerling  fall 
chinook  (0.  tshawytscha) . 


The  effects  of  the  water  temperature  on 
metabolic  rate  of  the  fish  are  complex. 
Brett  (1956)  states  that  fish  performance 
is  best  in  the  region  of  the  "preferred 
temperature"  and  that  temperatures 
above  and  below  that  range  produce  ad- 
verse results.  Brett  (1959)  reports  that 
sockeye  salmon  increase  their  swimming 
speed  with  increased  water  temperature 
until  about  60°  F.  is  reached.  Above  this 
temperature,  he  found,  swimming  speed  is 
reduced  until  the  speeds  at  50  °  F.  and  66  ° 
F.  are  approximately  equal.  The  increas- 
ed metabolic  demand  at  the  elevated  level, 
however,  would  cause  the  energy  reserves 
to  be  exhausted  1.5  to  2  times  as  fast  at 
66°  F.  as  at  50°  F. 

To  eliminate  the  temperature  effect, 
stamina  tests  are  normally  conducted 
with  acclimated  fish  at  a  constant  water 
temperature  of  53°  F.  This  temperature 
gives  a  common  base  from  which  to 
compare  populations  of  fish  with  different 
dietary  and  environmental  regimens  as 
well  as  with  wild  and  hatchery  fish  from 
other  geographical  areas. 

Temperature  experiments  in  the  stam- 
ina tunnel  indicate  that  the  temperature 
of  water  at  time  of  testing  has  a  definite 


effect  on  the  swimming  ability  of  the  fish. 
During  1960,  tests  on  summer  chinook 
fingerlings  were  conducted  at  water  tem- 
peratures ranging  from  47.5°  F.  to  60°  F. 
Fall  chinook  fingerlings  have  been  tested 
at  temperatures  from  38°  F.  to  54.5°  F. 
Within  these  limits,  better  performance 
in  the  stamina  tunnel  has  resulted  from 
increased  water  temperature. 

In  addition  to  the  temperature  effect 
on  fish  physiology,  there  is  a  change  in 
physical  resistance  due  to  changes  in 
water  viscosity.  The  effect  of  tempera- 
ture on  the  viscosity  of  the  water  is 
shown  in  figure  6.  Both  the  physical 
and  physiological  conditions  created  by 
cold  water  temperatures  result  in  reduced 
performance,  and  these  factors  must  be 
recognized    in    performance    evaluations. 

Oxygen  content 

In  studies  by  Davis  et  al.  (1963)  and 
Katz  et  al.  (1959),  reductions  in  oxygen 
concentration  resulted  in  corresponding 
reductions  of  the  maximum  sustained 
swimming  speeds  of  coho  and  chinook 
juvenile  salmon.  In  the  stamina  tests, 
fish  performed  in  water  at  90  percent  of  ox- 
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Figure  6. — Viscosity  of  water. 


ygen  saturation.  Replenishment  of  wa- 
ter between  tests  assured  standard  condi- 
tions without  the  depressing  effect  of  an 
oxygen  deficiency. 

Sampling  technique 

The  biological  variation  among  fish 
from  the  same  diet  or  rearing  environ- 
ment is  such  that  random  samples  of  the 
fish  population  are  necessary  to  give  re- 
liable data.  The  entire  population  must 
be  handled  and  systematically  sampled 
with  a  vertical  sampler.  The  variables  to 
be  encountered  in  methods  of  sampling 
are  described  by  Hewitt  and  Burrows 
(1948).  Dip  net  samples  may  be  nec- 
essary to  test  the  progress  of  long-term 
experiments,  but  the  results  will  be  biased. 
Under  such  circumstances  the  samples 
should  be  taken  either  during  feeding 
when  the  fish  are  congregated  in  a  small 
area  or  when  the  fish  are  seined  into  a 
small    section    of    a    pond.     These    pro- 


cedures do  not  permit  the  selection  of 
true  samples  but  are  the  best  possible 
compromise. 

Number  of  fish 

Samples  varying  from  13  to  264  fish 
have  been  tested  in  the  tunnel,  with  a 
trend  towards  better  performance  in  the 
smaller  samples.  Samples  of  the  same 
numbers  from  one  population  of  fish 
perform  similarly.  Fish  are  tested  in 
100-fish  groups  to  reduce  the  bias  from 
biological  variation  which  might  result 
from  fewer  fish  and  to  facilitate  the  evalua- 
tion of  results.  Standardization  of  the 
sample  size  rather  than  the  actual  number 
of  fish  employed  appears  to  be  the  im- 
portant factor  in  comparing  populations. 
From  two  to  five  stamina  tests  of  100  fish 
each  are  normally  conducted  for  each 
population  to  allow  statistical  analysis  of 
the  results. 
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During  early  testing  of  fish  with  the 
stamina  tunnel,  the  question  arose  wheth- 
er the  first  fish  out  of  the  tunnel  were 
actually  the  weakest  fish,  and  the  last  ones 
the  strongest,  or  were  they  simply  crowd- 
ing each  other  out.  In  several  groups  of 
fish,  the  first  and  last  25  percent  of  the 
fish  coming  out  of  the  tunnel  were  sep- 
arated during  the  test  and  the  quarters 
were  individually  retested.  The  quarters 
closely  repeated  their  original  levels, 
disproving  any  crowding  effect. 

Effect  of  feeding 

As  mentioned  earlier,  samples  of  fish  to 
be  tested  are  usually  not  fed  for  at  least 
16  to  20  hours  before  being  tested.  Fish 
which  are  tested  within  a  few  hours  after 
being  fed  perform  poorly  in  the  tunnel. 

Tests  on  the  effects  of  starvation  on 
performances,  using  fall  chinook  finger- 
lings  averaging  1  gram  per  fish,  re- 
sulted in  no  decrease  in  swimming  ability 
until  after  5  days  without  food.  Fall 
chinook  fingerlings  averaging  about  3 
grams  per  fish  had  no  performance  de- 
crease for  at  least  4  days  of  starvation. 
Tests  on  summer  chinook  fingerlings 
averaging  about  15  grams  per  fish  showed 
no  difference  in  performance  for  at  least 
40  hours  without  food. 

It  would  appear  that,  once  the  initial 
digestive  period  is  past,  the  energy  re- 
quirement for  normal  swimming  can  be 
met  for  a  period  of  several  days.  In  any 
study  combining  stamina  testing  with 
other  evaluations  of  a  population  which 
might  be  influenced  by  starvation,  a 
fixed  time  interval  between  testing  and 
feeding  should  be  established. 

Effect  of  retesting 

In  some  instances,  such  as  a  series  of 
tests  conducted  on  a  small  population  of 
fish,  it  might  be  necessary  to  run  stamina 
tests  on  fish  of  which  all  or  part  had  pre- 
viously been  tested.     Preliminary  experi- 


ments on  retesting,  using  summer  chinook 
fingerlings,  showed  a  substantial  de- 
crease in  performance  when  immediately 
retested.  Retesting  of  the  fish  after  a 
rest  of  24  hours  produced  a  significant 
reduction  in  swimming  ability  below  the 
initial  level.  In  tests  with  fall  chinook 
fingerlings,  paired  groups  of  100  fish  each 
were  retested  after  resting  periods  of  1, 
2,  and  3  days.  After  3  days  of  rest, 
the  performance  had  returned  to  the 
previous  level. 

Species  of  fish 

Most  stamina  tests  have  been  con- 
ducted with  hatchery-reared  fall  chinook 
salmon.  Summer  chinook  and  rainbow 
trout  (S.  gairdneri)  fingerlings  as  well  as 
spring  chinook  and  steelhead  yearlings 
have  also  been  tested  from  hatchery 
stock.  Tests  have  been  conducted  on 
spring  chinook,  steelhead,  and  coho  salm- 
on yearlings  from  rearing  ponds.  Wild 
fish  tested  in  the  tunnel  include  both 
fingerling  and  yearling  fall  chinook  and 
coho  salmon  as  well  as  spring  and  summer 
chinook  and  steelhead  fingerlings. 

Stamina  tunnel  tests  indicate  that 
fall  chinook  fingerlings,  generally,  have  a 
higher  performance  level  than  spring  and 
summer  chinook  fingerlings  of  the  same 
size.  This  may  indicate  an  inherent 
difference  between  the  races.  Collins 
(1958)  measured  the  performance  of 
adult  chinook  salmon  in  fishways  and 
found  that  fall  chinook  were  faster  and 
more  consistent  swimmers  than  springs. 

In  a  few  tests  of  wild  spring  chinook 
from  the  Entiat  River  in  Washington, 
fewer  fish  came  out  of  the  tunnel  during 
the  early  part  of  the  stamina  test  than  in 
tests  of  hatchery  samples  of  the  same 
weight;  hatchery  fish  of  the  same  age  but 
slightly  larger  showed  the  same  or  better 
performance  levels.  Samples  of  wild  fall 
chinook  gave  considerably  lower  results 
than  hatchery  fish;  these  wild  fish  had 
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come  from  an  eddy  area  of  the  Cowlitz 
River  in  Washington  and  were  probably 
not  typical  specimens.  Coho  salmon 
fingerlings  were  found  to  have  slightly 
less  swimming  ability  than  fall  chinook. 
Steelhead  fingerlings  were  able  to  out- 
perform comparable  fall  chinook.  Wild 
coho  salmon  yearlings  gave  a  poor  per- 
formance owing  to  malnutrition,  but  had 
a  50-percent  increase  after  being  fed  for 
3  weeks  in  the  hatchery,  and  doubled 
their  original  performance  after  6  weeks  of 
feeding. 

Studies  by  Paulik  and  DeLacy  (1957) 
on  adult  steelhead  and  coho  salmon  from 
the  same  stream  and  under  identical 
conditions  demonstrated  that  steelhead 
could  outperform  coho  at  high  water 
velocities.  Performance  of  sockeye  salm- 
on (Paulik  and  DeLacy,  1958)  reduced  as 
the  distance  from  the  ocean  increased. 
These  studies  show  that  there  are  heredi- 
tary differences  in  the  swimming  ability 
between  species  of  fish  which  persists  into 
the  adult  form. 

A  question  may  arise  as  to  the  validity 
of  comparing  the  performance  of  fish  at 
different  stages  of  their  behavioral  de- 
velopment, that  is,  comparing  fish  which 
are  migrating  downstream  with  those  at 
earlier  stages.  Young  steelhead,  spring 
chinook,  and  coho  salmon,  when  trapped 
by  downstream  migrant  traps  and  later 
tested  in  the  stamina  tunnel,  lost  their 
tendency  to  migrate  and  swam  against  the 
current  in  the  typical  manner.  This 
regression  to  an  earlier  stage  is  explained 
by  Hoar  (1958).  His  work  on  fish  be- 
havior has  shown  that  a  change  in  the 
natural  sequence  of  stimuli,  such  as  a 
barrier  to  migration,  may  cause  "fall- 
back  phenomena"    to   an   earlier   stage. 

DEVELOPMENT  OF  A  METHOD  OF 
PERFORMANCE  RATING 

A  method  of  evaluation  was  sought 
which  would  compensate  for  some  of  the 


uncontrollable  variables  encountered  in 
stamina  testing  and  thereby  enable  the 
assignment  of  a  relative  standing  for 
performance  comparison.  The  work  done 
or  energy  expended  by  the  fish  in  over- 
coming fluid  resistance  in  the  tunnel  was 
selected  as  the  logical  method  of  per- 
formance measurement.  In  its  simplest 
form,  the  work  done  is  expressed  in  terms 
of  force  and  distance.  The  drag  forces 
encountered,  the  varying  velocities  im- 
posed during  the  stamina  trials,  and  the 
length  of  time  the  fish  are  capable  of 
maintaining  themselves  in  the  tunnel,  all 
are  factors  affecting  the  energy  expended. 
These  factors  may  be  measured  in  the 
tunnel,  or  the  effects  may  be  calculated 
from  accepted  hydraulic  formulas. 

The  drag  force  on  an  immersed  body  is 
usually  expressed  as  D  =  CdAPV2  where  Cd 
is  a  coefficient  that  depends  upon  the 
shape  of  the  body  and  upon  Reynolds 
number,  A  is  the  frontal  area  of  the  body, 
P  is  the  mass  density  of  the  fluid,  and  V  is 
the  relative  velocity  between  the  body 
and  the  fluid.  Reynolds  number  is  a 
similarity  criterion  indicating  the  relative 
importance  of  inertial  and  viscous  forces 
on  the  flow  pattern.  For  fish,  Reynolds 
number  would  logically  be  Nr  =  VL/v 
where  L  is  the  length  of  the  fish  and  v  is 
the  kinematic  viscosity  of  the  water  at  the 
existing  temperature  (fig.  6) . 

For  fish  of  the  same  general  shape,  equal 
Reynolds  numbers  would  indicate  similar 
flow  patterns  about  the  fish.  Kinematic 
similarity  is  said  to  exist  about  two 
immersed  bodies  if  the  ratio  of  velocities 
at  all  corresponding  points  is  constant. 
If  the  local  water  velocity  past  a  fish  is 
V/2  times  the  speed  of  a  small  fish,  it  is 
also  V/2  times  the  speed  of  a  large  fish  if 
the  Reynolds  numbers  are  equal  and 
geometric  similitude  exists. 

The  drag  on  an  immersed  body  arises 
from  two  sources,  shearing  stress  and 
normal  stress.  The  first  of  these  is  called 
frictional  or  surface  resistance,  and  the 
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second  is  called  form  drag.  Frictional 
drag  on  fish  can  be  represented  in  a  man- 
ner similar  to  that  of  a  flat  plate  pushed 
through  a  fluid  with  the  plate  parallel  to 
the  direction  of  motion.  Gray  (1957) 
suggests  that  this  is  a  reasonable  assump- 
tion. Form  drag  can  be  reduced  by 
streamlining  or  by  devices  that  control 
boundary  layer  growth  on  the  immersed 
body.  A  fish  is  highly  streamlined,  and 
his  drag  is  essentially  due  to  frictional  or 
surface  effects. 

For  values  of  Reynolds  number  below 
about  400,000,  the  coefficient  of  drag  may 

0.7 
be  expressed  as  Cd  =  J=^f=-     Fish  within 

a  species  have  geometrically  similar 
bodies,  and  the  surface  area  varies  with 
the  square  of  the  length  of  the  body. 
Substituting  these  expressions  into  the 
drag  equation  yields  D  =  CiL3l2PV3l2v112 
where  Ci  is  a  proportionality  constant 
whose  numerical  value  could  be  determin- 
ed. The  effects  of  water  temperature 
and  fish  size  on  the  resistance  to  motion 
and  the  energy  expenditure  required  in 
overcoming  this  resistance  can  now  be 
deduced. 

An  example  of  resistance  would  be  fish 
moving  through  water  at  35°  F.  and  then 
through  water  at  82°  F.  The  fluid  is 
approximately  twice  as  viscous  at  35°  F. 
as  at  82°  F.  At  the  lower  temperature, 
the  fish  would  find  it  much  more  difficult 
to  attain  high  speed.  Reference  to  the 
last  equation  shows  that  for  the  same 
speed  the  water  resistance  to  motion 
would  be  41  percent  greater  at  35°  F.  than 
at  82°  F. 

The  next  consideration  is  the  effect  of 
size  on  resistance  and  power.  A  10- 
centimeter  and  a  20-centimeter  fish  can 
be  used  for  illustrative  purposes.  If 
swimming  in  the  same  water  at  the  same 
speed,  the  drag  equation  indicates  that 
the  resistance  to  motion  of  the  larger  fish 
will  be  2.83  times  that  of  the  smaller  fish, 
the  power  required  will  also  be  2.83  times 


that  of  the  smaller  fish.  This  additional 
resistance  should  not  tax  the  larger  fish. 
His  volume  and  weight  are  about  eight 
times  that  of  the  shorter  fish  and  he 
should  have  the  musculature  and  energy 
necessary  to  reach  a  correspondingly 
greater  speed. 

If  output  power  is  proportional  to 
weight,  the  20-centimeter  fish  should  swim 
at  about  1.5  times  the  speed  of  the  10- 
centimeter  fish.  Substitution  of  these 
lengths  and  velocities  into  the  drag 
equation  will  show  that  resistance  to 
motion  under  this  latter  condition  is  5.3 
times  as  great  for  the  larger  fish  as  for 
the  smaller  fish.  The  work  required  is 
the  product  of  resistance  and  velocity 
and  is  eight  times  as  great  for  the  larger 
fish  as  for  the  smaller  one. 

The  work  performed  by  a  swim- 
ming fish  moving  with  variable  speed 
through  a  series  of  increments 
with  constant  velocity  during  each 
increment  is  expressed  as  follows: 
Work  =  s  (D1Sl  +  D2S2  +  D3S3  ....)  = 
2  DiSi.  Here  D{  is  the  drag  force  during 
the  increment  and  St  is  the  distance  swum 
during  the  increment.  Since  the  distance 
traveled  by  the  fish  during  the  increment 
of  contant  velocity  is  equal  to  the  velocity 
multiplied  by  the  length  of  the  time 
interval  Ti}  Work  =  2D;Vt7\. 

The  equation  for  drag  force  was  earlier 
written  as  D  =  C2L3i2PV3l2v1'2.  For 
water  near  54°F.  the  viscosity  can  be  ap- 
proximated by  the  formula  v  =  54/F.° 
(1.3  X  10~5).  Making  this  substitution 
into  the  drag  equation  gives  D  =  C2LZI2 
PV312  (54/F.°)1/2.  The  work  equation 
can  now  be  written:  Work  =  C2L3/2 
P(54/F.°)1/2  2  V;5/27Y 

All  the  variables  on  the  right  side  of 
the  above  equation  can  be  evaluated  by 
measurements.  The  method  of  operating 
the  stamina  tunnel  allows  for  the  determi- 
nation of  2  Vi5l2Tt.  The  effect  of  fish 
size  and  water  viscosity  can  be  calculated. 
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The  muscle  power  of  the  fish  must  be 
based  on  a  set  of  assumptions.  A  com- 
mon and  reasonable  assumption  is  that 
the  swimming  ability  of  a  fish  should  be 
proportional  to  his  muscle  weight.  Gray 
(1957)  goes  so  far  as  to  estimate  the  con- 
stant of  proportionality  as  0.002  horse- 
power per  pound  of  body  weight.  Two 
other  assumptions  to  be  made  are: 
(1)  muscle  weight  is  some  fixed  fraction 
of  the  body  weight,  and  (2)  fish  weight 
varies  as  the  cube  of  the  fish's  length. 
The  last  assumption  has  been  investi- 
gated by  Le  Cren  (1951),  who  found  the 
exponent  to  be  between  2.5  and  4.0  for 
perch,  and  by  Bainbridge  (1960),  who 
found  the  exponent  to  be  3.2  for  goldfish, 
3.0  for  trout,  and  2.8  for  dace.  Based 
on  the  three  stated  assumptions,  the  ratio 
of  useful  work  done  to  the  muscle  power 
available  for  this  purpose  may  be  ex- 
pressed   in    the    equation:    Performance 


■^ 


X 


1 


S  Vi5/2T;. 


rating  =  C3  y  F      >  m 

Since  only  relative  performance  is 
meaningful,  the  constant  C3  can  be  arbi- 
trary as  long  as  it  is  applied  to  all  samples. 
A  constant  of  174  has  been  used  with  fish 
tested  in  the  stamina  tunnel  as  it  places 
the  expected  performance  of  chinook 
salmon  fingerlings  reared  in  raceway 
ponds  at  100. 

The  portions  of  the  sample  selected  for 
evaluation  in  the  performance  rating 
differ  from  those  used  in  the  performance 
index.  In  energy  measurements  the 
energy  expenditure  varies  as  the  square  of 
the  velocity.  In  the  tunnel  tests  fish  are 
subjected  to  periodic  increases  in  velo- 
city. As  the  variation  in  swimming 
ability  can  vary  considerably  within  a 
sample,  it  is  entirely  possible  for  the  ex- 
cellent performance  of  a  few  fish  to 
obscure  the  poor  performance  of  the 
majority  of  the  lot.  To  correct  for  this 
possible  distortion,  the  ratings  are  based 
on  the  cumulative  energy  expenditure  of 
50  percent  and  75  percent  of  the  sample. 


A  high  value  for  the  performance  rating 
does  not  necessarily  mean  that  a  fish  has 
expended  a  large  amount  of  energy.  It 
does  indicate  that  the  fish  performed  well 
compared  with  what  would  have  been 
expected  from  him.  The  rating  should 
not  be  applied  to  fish  over  50  cm.  long 
because  the  flow  pattern  around  such  fish 
is  not  likely  to  be  similar  to  that  used  in 
the  derivation  of  the  formula. 

Table  1  lists  the  calculated  values  for 
the  energy  expenditure  measurement, 
S  Vi5l2Tif  calculated  for  the  regimen 
used  in  the  normal  testing  procedure  of 
the  stamina  tunnel.  If  identical  water 
velocities  and  exposure  times  are  used  in 
other  tunnels  the  table  values  will  be 
applicable. 


Table  1. — Calculated  values  for  ?Vi5l2Ti  under 
normal  testing  procedure. 


Time 


1  minute,. 

2  minutes. 

3  minutes. 

4  minutes. 

5  minutes. 

6  minutes. 

7  minutes. 

8  minutes . 

9  minutes. 


10  m 

11  m 

12  m 

13  m 

14  m 

15  m 

16  m 

17  m 

18  m 

19  m 

20  m 

21  m 

22  m 

23  m 

24  m 

25  m 

26  m 

27  m 

28  m 

29  m 

30  m 

31  m 

32  m 

33  m 

34  m 

35  m 

36  m 

37  m 

38  m 

39  m 

40  m 

41  m 

42  m 


nutes. 
nutes. 
nutes. 
nutes. 
nutes . 
nutes. 
nutes  . 
nutes . 
nutes. 
nutes  . 
nutes . 
nutes . 
nutes  . 
nutes. 
nutes. 
nutes . 
nutes  . 
nutes  . 
nutes. 
nutes  . 
nutes. 
nutes . 
nutes . 
nutes . 
nutes  . 
nutes . 
nutes . 
nutes . 
nutes. 
nutes . 
nutes. 
nutes. 
nutes. 


SF.5/271,- 


Second-gear 
procedure 


0.136 

0.272 

0.408 

0.544 

0.680 

0.930 

1.550 

2.750 

4.330 

5.910 

7.490 

9.070 

10.640 

12.490 

15.020 

18.360 

22.130 

25.900 

29.670 

33.440 

37.210 

40.980 

44.750 

48.520 

52.290 

56.060 


Third-gear 
procedure 


0.488 

0.976 

1.464 

1.952 

2.440 

3.130 

4.340 

5.920 

7.500 

9.080 

10.660 

12.240 

13.810 

15.670 

18.200 

21.540 

25.310 

29.080 

32 . 850 

36.620 

40.390 

44.160 

47.930 

51.670 

55.470 

60.590 

66.840 

73.990 

81.140 

88.290 

95.440 

102.590 

109.740 

116.890 

124.040 

131.190 

139.390 

149.990 

161.990 

173.990 

185.990 

197.990 
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FACTORS  MEASURED  BY  THE  TUNNEL 

It  has  been  demonstrated  that  the 
stamina  tunnel  can  measure  differences  in 
the  performance  of  fish  affected  by  disease, 
imbalanced  diets,  or  different  environ- 
ments. In  the  evaluation  of  fish  affected 
by  disease,  infections  of  the  gills  resulting 
in  extensive  proliferation  of  the  epithelial 
layer  or  fusion  of  the  lamellae  and  fila- 
ments produce  the  most  obvious  re- 
ductions in  performance.  Other  infec- 
tions causing  general  debilities  are  read- 
ily measurable  by  inferior  performance. 
Salmon  fingerlings  with  hematocrits  be- 
low 30  percent  perform  poorly  in  the 
tunnel.  Excessively  fat  fish  have  a  low- 
ered stamina.  Rearing  ponds  which  de- 
velop sufficient  water  velocity  to  exercise 
the  fish  produce  fingerlings  with  superior 
stamina.  Fish  from  overcrowded  ponds 
have  reduced  ability  to  perform.  All  of 
these  differences  may  be  imposed  by 
variations  in  methods  of  artificial  pro- 
pagation. If  such  physiological  differ- 
ences affect  the  potential  of  the  finger- 
lings for  survival  then  the  measurement  of 
physical  stamina  by  means  of  the  tunnel 
may  prove  to  be  a  valid  measure  of  the 
survival  potential  of  the  fingerling  at  time 
of  release.  Experiments  are  in  progress 
to  determine  whether  stamina  as  measured 
by  the  tunnel  is  a  factor  influencing  adult 
survival. 

DISCUSSION  OF  EVALUATION 
METHODS 

The  methods  of  evaluation  developed 
for  the  stamina  tunnel  are  the  performance 
index  and  the  performance  rating.  There 
are  advantages  and  disadvantages  in  the 
use  of  either  method. 

The  performance  index  is  derived  from 
an  easily  calculated  empirical  formula  and 
represents  the  cumulative  time  that 
parts  of  a  sample  remain  in  the  tunnel. 
It  does  not  account  for  the  effect  of 
either  fish  size  or  water  temperature.     In 


the  evaluation  of  fish  of  different  sizes,  a 
standard  curve  should  be  established  for 
a  population  of  fish  during  a  rearing 
season,  and  the  performance  indexes  of 
other  samples  should  be  compared  with 
that  curve.  The  performance  level  is 
also  dependent  upon  the  temperature  of 
the  water,  and  the  interpretation  of 
results  from  tests  in  varying  water  tem- 
peratures would  be  difficult. 

The  performance  rating  is  based  on 
the  energy  expended  by  the  fish  and 
compensates  for  both  the  weight  of  the 
fish  and  the  viscosity  of  the  water.  It 
expresses  the  relation  of  a  sample  to  the 
normal  or  expected  performance  of  fish 
of  that  size  regardless  of  the  water  tem- 
perature at  which  the  fish  were  tested. 

A  performance  index  above  a  certain 
level  may  be  necessary  for  the  survival 
even  of  fish  with  a  normal  performance 
rating.  A  very  small  fish  may  have  the 
normal  swimming  ability  for  fish  of  this 
size  but  this  ability  may  not  be  sufficient 
to  allow  him  to  escape  predation.  Sur- 
vival studies  with  chinook  salmon  at  the 
Spring  Creek  Hatchery  in  Washington 
(Junge  and  Phinney,  1963)  indicate  a 
much  greater  survival  rate  for  fingerling 
releases  than  for  releases  of  fry.  Cope 
and  Slater  (1957)  evaluated  spring  and 
fall  releases  of  chinook  salmon  from  the 
Coleman  Hatchery  in  California  and 
found  a  higher  survival  rate  in  the  larger 
fish  released  in  the  fall.  Although  the 
numerous  factors  affecting  survival  are 
quite  complex,  the  size  of  the  fish  and  its 
swimming  ability  at  the  time  of  release 
are  certainly  important.  Experiments 
now  in  progress  will  further  determine  the 
importance  of  both  size  and  stamina  on 
the  numbers  of  returning  adult  salmon. 

It  is  concluded  that  both  methods  of 
evaluation  are  desirable,  the  performance 
index  to  determine  swimming  ability 
and  the  performance  rating  to  determine 
the  relation  of  the  sample  to  the  expected 
performance  of  the  animal. 
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SUMMARY 

A  stamina  tunnel  for  comparison  of 
physical  capabilities  of  fingerling  salmonids 
has  been  designed,  developed,  and  eval- 
uated. The  design  is  such  that  water 
velocities  varying  from  0.4  feet  per  second 
up  to  5.0  feet  per  second  may  be  pro- 
duced, increased,  and  reproduced  in 
practically  infinite  velocity  increments. 
The  velocities  are  produced  by  means  of 
an  axial  flow  pump  which  creates  head 
differentials  between  the  intake  and  outlet 
of  a  12-inch-diameter,  6-foot-long,  plastic 
tube.  The  increments  are  controlled  by 
regulation  of  the  pump  speed. 

A  testing  pattern  containing  several 
velocity  plateaus  correlated  with  fixed 
exposure  times  has  been  developed  for 
the  testing  of  fingerling  salmonids  varying 
in  weight  from  1  to  50  grams. 

A  performance  index  has  been  evolved 
to  assess  the  stamina  of  the  individual 
fish  samples  and  a  performance  rating  to 
evaluate  the  significance  of  differences 
between  samples. 

The  controllable  variables  affecting 
performance  include  fish  size,  water  tem- 
perature, oxygen  content,  sampling  tech- 
nique, sample  size,  starvation  period 
before  testing,  and  recovery  period  before 
retesting.  The  existence  of  such  variables 
makes  the  standardization  of  testing  tech- 
niques imperative.  Differences  in  perfor- 
mance exist  also  between  species  and  races 
within  species  of  salmon  and  trout. 

By  means  of  the  tunnel  it  has  been 
possible  to  demonstrate  that  varying 
methods  of  artificial  propagation  meas- 
urably affect  the  physical  stamina  of 
salmonids  owing  to  conditions  imposed  by 
disease,  nutrition,  and  environment. 
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Created  by  Act  of  Congress  in  1849,  the  Department  of  the 
Interior  is  responsible  for  a  wide  variety  of  programs  con- 
cerned with  the  management,  conservation,  and  wise  develop- 
ment of  America's  natural  resources.  For  this  reason  it  is 
often  described  as  a  department  of  natural  resources. 

Through  a  score  of  bureaus  and  offices  the  Department  has 
responsibility  for  the  use  and  management  of  millions  of  acres 
of  federally  owned  lands;  administers  mining  and  mineral 
leasing  on  a  sizable  area  of  additional  lands;  irrigates  reclaimed 
lands  in  the  West;  manages  giant  hydroelectric  power  systems; 
administers  grazing  and  forestry  programs  on  federally  owned 
range  and  commercial  forest  lands;  protects  fish  and  wildlife 
resources;  provides  for  conservation  and  development  of  out- 
door recreation  opportunities  on  a  nationwide  scale;  conserves 
hundreds  of  vital  scenic,  historic,  and  park  areas;  conducts 
geologic  research  and  surveys;  encourages  mineral  exploration 
and  conducts  mineral  research;  promotes  mine  safety;  conducts 
saline  water  research;  administers  oil  import  programs;  oper- 
ates helium  plants  and  the  Alaska  Railroad;  is  responsible  for 
the  welfare  of  many  thousands  of  people  in  the  Territories  of 
the  United  States;  and  exercises  trusteeship  for  the  well-being 
of  additional  hundreds  of  thousands  of  Indians,  Aleuts,  and 
Eskimos,  as  well  as  being  charged  with  resource  management 
of  millions  of  acres  of  Indian-owned  lands. 

In  its  assigned  function  as  the  Nation's  principal  natural 
resource  agency,  the  Department  of  the  Interior  bears  a  special 
obligation  to  assure  that  our  expendable  resources  are  conserved, 
that  renewable  resources  are  managed  to  produce  optimum 
yields,  and  that  all  resources  contribute  their  full  measure  to 
the  progress,  prosperity,  and  security  of  America,  now  and 
in  the  future. 
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